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.BUFSJBM BOE UFDIOJRVF EFWFMPQNFOU GPS VMUSBTPVOE PQUJDBM UPNPHSBQIZ VTJOH TQFDUSBM IPMF CVSOJOH mMUFST

$EVWUDFW

ɨF NPMFDVMBS TFOTJUJWJUZ QSPWJEFE CZ PQUJDBM QIPUPOT IBT QPUFOUJBM BEWBOUBHFT JO NFEJDBM EJBHOPTUJDT
 GPS FY�
BNQMF
 JO EJTUJOHVJTIJOH IFBMUIZ GSPN DBODFSPVT UJTTVF� )PXFWFS
 TDBUUFSJOH SFTVMUJOH GSPN JOIPNPHFOFJUJFT JO
UIF SFGSBDUJWF JOEFY PG UJTTVFT QSFWFOUT TQBUJBMMZ SFTPMWFE PQUJDBM NFBTVSFNFOUT JO CJPMPHJDBM NBUFSJBM
 FYDFQU BU
WFSZ TIBMMPX EFQUIT� ɨJT UIFTJT QSFTFOUT SFTFBSDI PO B NFEJDBM JNBHJOH UFDIOJRVF DBMMFE VMUSBTPVOE PQUJDBM UP�
NPHSBQIZ 	605

 XIJDI PWFSDPNFT UIF MJNJU PO SFTPMVUJPO SFTVMUJOH GSPN TDBUUFSJOH CZ DPNCJOJOH QIPUPOT BOE
VMUSBTPVOE� 1IPUPOT BSF MPDBMMZ GSFRVFODZ TIJGUFE 	UBHHFE
 CZ VMUSBTPOJD XBWFT JOTJEF UIF UJTTVF� 0QUJDBM DPOUSBTU
DBO CF PCUBJOFE XJUI VMUSBTPOJD TQBUJBM SFTPMVUJPO CZ EFUFDUJOH UIFTF UBHHFE QIPUPOT� *O UIJT XPSL
 UIF UBHHFE
QIPUPOT XFSF EFUFDUFE VTJOH OBSSPXCBOE PQUJDBM QBTTCBOE mMUFST DSFBUFE JO SBSF�FBSUI�JPO�EPQFE DSZTUBMT VTJOH
TQFDUSBM IPMF CVSOJOH UFDIOJRVFT�
ɨF UIFTJT QSFTFOUT 605 NFBTVSFNFOUT VTJOH 1S3+�:24J05 mMUFST PQFSBUJOH BU 606 ON
 XIJDI DIBSBDUFSJ[F

UIF TJHOBM TUSFOHUI VOEFS WBSJPVT XFMM�DPOUSPMMFE FYQFSJNFOUBM DPOEJUJPOT� *NQSPWFE VOEFSTUBOEJOH PG UIF QFSGPS�
NBODF PG BO PQUJNJ[FE 605 TFU�VQ CBTFE PO TQFDUSBM IPMF CVSOJOH XBT PCUBJOFE CZ mUUJOH FYQFSJNFOUBM EBUB XJUI
UIFPSFUJDBM NPEFMT
 JOEJDBUJOH UIBU JNBHJOH EFQUIT PG TFWFSBM DFOUJNFUSFT TIPVME CF QPTTJCMF JO CJPMPHJDBM UJTTVFT�
" UIFPSFUJDBM DPNQBSJTPO PG UIF NBOZ 605 NFUIPET EFTDSJCFE JO UIF MJUFSBUVSF JT QSFTFOUFE� ɨF mOEJOHT

JOEJDBUF UIBU TQFDUSBM IPMF CVSOJOH mMUFST NBZ IBWF CFUUFS DPOUSBTU�UP�OPJTF TDBMJOH
 BOE UIVT QPUFOUJBMMZ HSFBUFS
JNBHJOH EFQUIT
 UIBO PUIFS 605 NFUIPET TVDI BT EJHJUBM PĊ�BYJT IPMPHSBQIZ
 QIPUPSFGSBDUJWF IPMPHSBQIZ
 BOE
TQFDLMF DPOUSBTU JNBHJOH�
" NBKPS DIBMMFOHF GPS TQFDUSBM�IPMF�CVSOJOH mMUFS�CBTFE 605 UP CFDPNF VTFGVM GPS JO WJWP BQQMJDBUJPOT
 JT

UP JEFOUJGZ BOE EFWFMPQ DSZTUBMT DBQBCMF PG TVQQPSUJOH UIF SFRVJSFE IJHI�DPOUSBTU mMUFST BU XBWFMFOHUIT XJUIJO
UIF PQUJDBM XJOEPX GPS UJTTVF 	∼ 650− 950 ON
� &YQFSJNFOUBM WBMVFT PG UIF mMUFS DPOUSBTU PCUBJOFE JO 605
NFBTVSFNFOUT JO UIJT XBWFMFOHUI SBOHF IBWF TP GBS CFFO MJNJUFE UP 14 E#� #BTFE PO TQFDUSPTDPQJD NFBTVSFNFOUT

5N3+�-B'3 JT QSPQPTFE BT B DBOEJEBUF GPS 605 mMUFSJOH BU 690 BOE 797 ON� .FBTVSFNFOUT TIPX UIBU B mMUFS
DPOUSBTU BCPWF 50 E# JT QPTTJCMF BU UIF 690 ON USBOTJUJPO GPS B DPMMJNBUFE MBTFS CFBN� ɨF IJHI mMUFS DPOUSBTU PG
5N3+�-B'3 JT FYQFDUFE UP CF JNQPSUBOU GPS UIF GVUVSF EFWFMPQNFOU PG 605 VTJOH TQFDUSBM IPMF CVSOJOH mMUFST�

.H\ ZRUGV

#JPNFEJDBM JNBHJOH
 VMUSBTPVOE PQUJDBM UPNPHSBQIZ
 BDPVTUP�PQUJDBM UPNPHSBQIZ
 SBSF�FBSUI�JPO�EPQFE DSZTUBMT

TQFDUSBM IPMF CVSOJOH
 TMPX MJHIU mMUFST
 5N3+�-B'3

&ODVVLýFDWLRQ V\VWHP DQG�RU LQGH[ WHUPV �LI DQ\�
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,661 DQG NH\ WLWOH
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*
 UIF VOEFSTJHOFE
 CFJOH UIF DPQZSJHIU PXOFS PG UIF BCTUSBDU PG UIF BCPWF�NFOUJPOFE EJTTFSUBUJPO
 IFSFCZ HSBOU UP
BMM SFGFSFODF TPVSDFT UIF QFSNJTTJPO UP QVCMJTI BOE EJTTFNJOBUF UIF BCTUSBDU PG UIF BCPWF�NFOUJPOFE EJTTFSUBUJPO�
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" EPDUPSBM UIFTJT BU B VOJWFSTJUZ JO 4XFEFO UBLFT FJUIFS UIF GPSN PG B TJOHMF
 DPIFTJWF
SFTFBSDI TUVEZ 	NPOPHSBQI
 PS B TVNNBSZ PG SFTFBSDI QBQFST 	DPNQJMBUJPO UIFTJT


XIJDI UIF MJDFOUJBUF TUVEFOU IBT XSJUUFO BMPOF PS UPHFUIFS XJUI POF PS TFWFSBM PUIFS
BVUIPS	T
�

*O UIF MBUUFS DBTF UIF UIFTJT DPOTJTUT PG UXP QBSUT� "O JOUSPEVDUPSZ UFYU QVUT UIF SFTFBSDI
XPSL JOUP DPOUFYU BOE TVNNBSJ[FT UIF NBJO QPJOUT PG UIF QBQFST� ɨFO
 UIF SFTFBSDI
QVCMJDBUJPOT UIFNTFMWFT BSF SFQSPEVDFE
 UPHFUIFS XJUI B EFTDSJQUJPO PG UIF JOEJWJE�
VBM DPOUSJCVUJPOT PG UIF BVUIPST� ɨF SFTFBSDI QBQFST NBZ FJUIFS IBWF CFFO BMSFBEZ
QVCMJTIFE PS BSF NBOVTDSJQUT BU WBSJPVT TUBHFT 	JO QSFTT
 TVCNJUUFE
 PS JO ESBGU
�

'VOEJOH JOGPSNBUJPO� ɨJT XPSL IBT SFDFJWFE mOBODJBM TVQQPSU GSPN TFWFSBM TPVSDFT
 CVU JU
IBT NBJOMZ BOE JO QBSUJDVMBS SFDFJWFE TVQQPSU GSPN UIF ,OVU � "MJDF 8BMMFOCFSH 'PVOEBUJPO�
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TFOTJUJWJUZ PG TJOHMF�NPEF mCFST � � � � � � � � � � � � � � � � øö

1BQFS ĚĚĚ� "DPVTUP�PQUJD JOUFSBDUJPO TUSFOHUIT JO PQUJDBMMZ TDBUUFSJOH
NFEJB VTJOH IJHI QSFTTVSF BDPVTUJD QVMTFT � � � � � � � � � � øö

1BQFS Ěħ� 'JSTU QSJODJQMF TJNVMBUJPO QBDLBHF GPS BSCJUSBSZ BDPVTUP�
PQUJD JOUFSBDUJPO JO TDBUUFSJOH NBUFSJBMT � � � � � � � � � � � ø÷

1BQFS ħ� 4VQQSFTTJPO PG /PO�3BEJBUJWF 3FMBYBUJPO JO 5N3+�EPQFE
.BUFSJBMT GPS0YZHFOBUJPO�4FOTJUJWF6MUSBTPVOE�0QUJDBM 5P�
NPHSBQIZ � � � � � � � � � � � � � � � � � � � � � � � � � � � � ø÷

1BQFS ħĚ� $PNQBSJTPO PG DPOUSBTU�UP�OPJTF SBUJPT PG EJĊFSFOU EFUFD�
UJPO NFUIPET JO VMUSBTPVOE PQUJDBM UPNPHSBQIZ � � � � � � � ø÷

1BQFS Ě� $IBSBDUFSJ[BUJPO BOE NPEFMJOH PG BDPVTUP�PQUJD TJHOBM TUSFOHUIT
JO IJHIMZ TDBUUFSJOH NFEJB � � � � � � � � � � � � � � � � � � � � � � � øø

1BQFS ĚĚ� " TJNQMF FYQFSJNFOUBM NFUIPE GPS NFBTVSJOH UIF UIFSNBM TFOTJ�
UJWJUZ PG TJOHMF�NPEF mCFST � � � � � � � � � � � � � � � � � � � � � � � ðñð

1BQFS ĚĚĚ� "DPVTUP�PQUJD JOUFSBDUJPO TUSFOHUIT JO PQUJDBMMZ TDBUUFSJOH NFEJB
VTJOH IJHI QSFTTVSF BDPVTUJD QVMTFT � � � � � � � � � � � � � � � � � � � ðòð

1BQFS Ěħ� 'JSTU QSJODJQMF TJNVMBUJPO QBDLBHF GPS BSCJUSBSZ BDPVTUP�PQUJD JO�
UFSBDUJPO JO TDBUUFSJOH NBUFSJBMT � � � � � � � � � � � � � � � � � � � � ðôð

1BQFS ħ� 4VQQSFTTJPO PG /PO�3BEJBUJWF 3FMBYBUJPO JO 5N3+�EPQFE .BUF�
SJBMT GPS 0YZHFOBUJPO�4FOTJUJWF 6MUSBTPVOE�0QUJDBM 5PNPHSBQIZ � � ðôö

1BQFS ħĚ� $PNQBSJTPO PG DPOUSBTU�UP�OPJTF SBUJPT PG EJĊFSFOU EFUFDUJPO
NFUIPET JO VMUSBTPVOE PQUJDBM UPNPHSBQIZ � � � � � � � � � � � � � � ð÷ô

JJJ





"CTUSBDU

ɨF NPMFDVMBS TFOTJUJWJUZ QSPWJEFE CZ PQUJDBM QIPUPOT IBT QPUFOUJBM BEWBOUBHFT JO
NFEJDBM EJBHOPTUJDT
 GPS FYBNQMF
 JO EJTUJOHVJTIJOH IFBMUIZ GSPN DBODFSPVT UJTTVF�
)PXFWFS
 TDBUUFSJOH SFTVMUJOH GSPN JOIPNPHFOFJUJFT JO UIF SFGSBDUJWF JOEFY PG UJTTVFT
QSFWFOUT TQBUJBMMZ SFTPMWFE PQUJDBM NFBTVSFNFOUT JO CJPMPHJDBM NBUFSJBM
 FYDFQU BU WFSZ
TIBMMPX EFQUIT� ɨJT UIFTJT QSFTFOUT SFTFBSDI PO B NFEJDBM JNBHJOH UFDIOJRVF DBMMFE
VMUSBTPVOE PQUJDBM UPNPHSBQIZ 	605

 XIJDI PWFSDPNFT UIF MJNJU PO SFTPMVUJPO SF�
TVMUJOH GSPN TDBUUFSJOH CZ DPNCJOJOH QIPUPOT BOE VMUSBTPVOE� 1IPUPOT BSF MPDBMMZ
GSFRVFODZ TIJGUFE 	UBHHFE
 CZ VMUSBTPOJD XBWFT JOTJEF UIF UJTTVF� 0QUJDBM DPOUSBTU DBO
CF PCUBJOFE XJUI VMUSBTPOJD TQBUJBM SFTPMVUJPO CZ EFUFDUJOH UIFTF UBHHFE QIPUPOT� *O
UIJT XPSL
 UIF UBHHFE QIPUPOT XFSF EFUFDUFE VTJOH OBSSPXCBOE PQUJDBM QBTTCBOE mMUFST
DSFBUFE JO SBSF�FBSUI�JPO�EPQFE DSZTUBMT VTJOH TQFDUSBM IPMF CVSOJOH UFDIOJRVFT�

ɨF UIFTJT QSFTFOUT 605NFBTVSFNFOUT VTJOH 1S3+�:24J05 mMUFST PQFSBUJOH BU 606 ON

XIJDI DIBSBDUFSJ[F UIF TJHOBM TUSFOHUI VOEFS WBSJPVT XFMM�DPOUSPMMFE FYQFSJNFOUBM DPO�
EJUJPOT� *NQSPWFE VOEFSTUBOEJOH PG UIF QFSGPSNBODF PG BO PQUJNJ[FE 605 TFU�VQ
CBTFE PO TQFDUSBM IPMF CVSOJOH XBT PCUBJOFE CZ mUUJOH FYQFSJNFOUBM EBUB XJUI UIFPSFU�
JDBM NPEFMT
 JOEJDBUJOH UIBU JNBHJOH EFQUIT PG TFWFSBM DFOUJNFUSFT TIPVME CF QPTTJCMF
JO CJPMPHJDBM UJTTVFT�

" UIFPSFUJDBM DPNQBSJTPO PG UIF NBOZ 605 NFUIPET EFTDSJCFE JO UIF MJUFSBUVSF JT
QSFTFOUFE� ɨF mOEJOHT JOEJDBUF UIBU TQFDUSBM IPMF CVSOJOH mMUFST NBZ IBWF CFUUFS
DPOUSBTU�UP�OPJTF TDBMJOH
 BOE UIVT QPUFOUJBMMZ HSFBUFS JNBHJOH EFQUIT
 UIBO PUIFS
605 NFUIPET TVDI BT EJHJUBM PĊ�BYJT IPMPHSBQIZ
 QIPUPSFGSBDUJWF IPMPHSBQIZ
 BOE
TQFDLMF DPOUSBTU JNBHJOH�

" NBKPS DIBMMFOHF GPS TQFDUSBM�IPMF�CVSOJOH mMUFS�CBTFE 605 UP CFDPNF VTFGVM GPS JO
WJWP BQQMJDBUJPOT
 JT UP JEFOUJGZ BOE EFWFMPQ DSZTUBMT DBQBCMF PG TVQQPSUJOH UIF SFRVJSFE
IJHI�DPOUSBTU mMUFST BU XBWFMFOHUIT XJUIJO UIF PQUJDBM XJOEPX GPS UJTTVF 	∼ 650 −
950 ON
� &YQFSJNFOUBM WBMVFT PG UIF mMUFS DPOUSBTU PCUBJOFE JO 605 NFBTVSFNFOUT
JO UIJT XBWFMFOHUI SBOHF IBWF TP GBS CFFO MJNJUFE UP 14 E#� #BTFE PO TQFDUSPTDPQJD
NFBTVSFNFOUT
 5N3+�-B'3 JT QSPQPTFE BT B DBOEJEBUF GPS 605 mMUFSJOH BU 690 BOE
797 ON� .FBTVSFNFOUT TIPX UIBU B mMUFS DPOUSBTU BCPWF 50 E# JT QPTTJCMF BU UIF
690 ON USBOTJUJPO GPS B DPMMJNBUFE MBTFS CFBN� ɨF IJHI mMUFS DPOUSBTU PG 5N3+�-B'3

JT FYQFDUFE UP CF JNQPSUBOU GPS UIF GVUVSF EFWFMPQNFOU PG 605 VTJOH TQFDUSBM IPMF
CVSOJOH mMUFST�

W





-JTU PG QVCMJDBUJPOT

ɨJT UIFTJT JT CBTFE PO UIF GPMMPXJOH QVCMJDBUJPOT
 SFGFSSFE UP CZ UIFJS 3PNBO OVNFS�
BMT�

Ě $IBSBDUFSJ[BUJPO BOE NPEFMJOH PG BDPVTUP�PQUJD TJHOBM TUSFOHUIT JO IJHIMZ
TDBUUFSJOH NFEJB
"� #FOHUTTPO
 %� )JMM
 .� -J
 .� %J
 .� $JOUIJP
 5� &SMÚW
 4� "OEFSTTPO�
&OHFMT
 /� 3FJTUBE
 "� 8BMUIFS
 -� 3JQQF
 BOE 4� ,SÚMM
#JPNFEJDBM 0QUJDT &YQSFTT
 ñïðø
 ðï	ðð

 QQ� ôôõô�ôô÷ó

ĚĚ " TJNQMF FYQFSJNFOUBM NFUIPE GPS NFBTVSJOH UIF UIFSNBM TFOTJUJWJUZ PG
TJOHMF�NPEF mCFST
4� #POE[B
 "� #FOHUTTPO
 4� 1� )PSWBUI
 "� 8BMUIFS
 4� ,SÚMM
 BOE -� 3JQQF
3FWJFX PG 4DJFOUJmD *OTUSVNFOUT
 ñïñï
 øð	ðï

 QQ� ðïôððó

ĚĚĚ "DPVTUP�PQUJD JOUFSBDUJPO TUSFOHUIT JO PQUJDBMMZ TDBUUFSJOH NFEJB VTJOH IJHI
QSFTTVSF BDPVTUJD QVMTFT
%� )JMM
 "� #FOHUTTPO
 5� &SMÚW
 .� $JOUIJP
 BOE 4� ,SÚMM
#JPNFEJDBM 0QUJDT &YQSFTT
 ñïñð
 ðñ	õ

 QQ� òðøõ�òñðò

Ěħ 'JSTU QSJODJQMF TJNVMBUJPO QBDLBHF GPS BSCJUSBSZ BDPVTUP�PQUJD JOUFSBDUJPO JO
TDBUUFSJOH NBUFSJBMT
%� )JMM
 "� #FOHUTTPO
 5� &SMÚW
 .� $JOUIJP
 BOE 4� ,SÚMM
JO &VSPQFBO $POGFSFODFT PO #JPNFEJDBM 0QUJDT íëíì 	&$#0

 04" 5FDIOJDBM
%JHFTU 	0QUJDB 1VCMJTIJOH (SPVQ
 ñïñð

 QBQFS &4ð$�õ�

ħ 4VQQSFTTJPO PG /PO�3BEJBUJWF 3FMBYBUJPO JO 5N3+�EPQFE .BUFSJBMT GPS
0YZHFOBUJPO�4FOTJUJWF 6MUSBTPVOE�0QUJDBM 5PNPHSBQIZ
"� %� .BSTI
 "� #FOHUTTPO
 1� +� 5� 8PPECVSO
 -� 3JQQF
 4� ,SÚMM
 $� 8�
ɨJFM
 BOE 3� -� $POF
.BOVTDSJQU JO QSFQBSBUJPO

ħĚ $PNQBSJTPO PG DPOUSBTU�UP�OPJTF SBUJPT PG EJĊFSFOU EFUFDUJPO NFUIPET JO
VMUSBTPVOE PQUJDBM UPNPHSBQIZ
"� #FOHUTTPO
 %� )JMM
 ,� 4IPSUJTT
 -� 3JQQF
 BOE 4� ,SÚMM
4VCNJUUFE NBOVTDSJQU

"MM QBQFST BSF SFQSPEVDFE XJUI QFSNJTTJPO PG UIFJS SFTQFDUJWF QVCMJTIFST�
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"DLOPXMFEHFNFOUT

ɨF SFTFBSDI QSFTFOUFE JO UIJT UIFTJT XPVME OPU IBWF CFFO QPTTJCMF XJUIPVU JNQPSUBOU
DPOUSJCVUJPOT GSPN NBOZ QFPQMF� 'JSTU
 * XPVME MJLF UP UIBOL NZ NBJO TVQFSWJTPS
4UFGBO ,SÚMM GPS UIF PQQPSUVOJUZ UP EP B 1I�%� QSPKFDU JO UIF HSPVQ
 BOE GPS BMXBZT
IBWJOH UJNF UP EJTDVTT BOE HJWF WBMVBCMF DPNNFOUT BOE HVJEBODF PO NZ XPSL� *
XPVME BMTP MJLF UP UIBOL NZ DP�TVQFSWJTPS -BST 3JQQF GPS QSPWJEJOH B MPU PG FYDFMMFOU
JOQVU UISPVHIPVU NZ XIPMF 1I�%� QSPKFDU
 BOE GPS UFBDIJOH NF TFWFSBM UIJOHT UIBU
XJMM CF VTFGVM JO NZ GVUVSF DBSFFS� * XPVME BMTP MJLF UP FYQSFTT NZ HSBUJUVEF UP %BWJE
)JMM
 XJUI XIPN * IBWF TQFOU NBOZ IPVST JO UIF MBC� %BWJE IBT IFBWJMZ DPOUSJCVUFE UP
BMM UIF 605 FYQFSJNFOUT
 BOE B QBSU PG UIF TQFDUSPTDPQJD JOWFTUJHBUJPOT QSFTFOUFE JO
UIJT UIFTJT� ,FWJO 4IPSUJTT IBT TJHOJmDBOUMZ DPOUSJCVUFE UP CPUI UIF 605 JNBHJOH BOE
UIF IJHI�DPOUSBTU mMUFS NFBTVSFNFOUT
 GPS XIJDI *�N HSBUFGVM� * XPVME MJLF UP UIBOL
$IBSMFTɨJFM BOE 3VGVT $POF GPS JOWJUJOH NF UP UIFJS MBC BU.POUBOB 4UBUF 6OJWFSTJUZ
GPS UIF JOJUJBM 5N3+�-B'3 NFBTVSFNFOUT� * BN WFSZ QMFBTFE UP IBWF XPSLFE XJUI "BSPO
.BSTI BOE 5JOP 8PPECVSO EVSJOH NZ WJTJU
 XIJDI UBVHIU NF B MPU BCPVU IPX UP EP
TQFDUSPTDPQZ PO SBSF�FBSUI�JPO�EPQFE DSZTUBMT
 BOE UIF NFBTVSFNFOU SFTVMUT XFSF JN�
QPSUBOU GPS UIF DPOUJOVBUJPO PG NZ 1I�%� XPSL� * XPVME BMTP MJLF UP UIBOL "BSPO
BOE 5JOP GPS CFJOH WFSZ GSJFOEMZ BOE TIPXJOH NF BSPVOE #P[FNBO
 :FMMPXTUPOF
 BOE
PUIFS QBSUT PG .POUBOB� * XPVME MJLF UP UIBOL.FOH -J BOE.FOHRJBP %J
 XIPTF DPO�
USJCVUJPOT XFSF JNQPSUBOU UP PVS mSTU 605 NFBTVSFNFOUT� ɨFZ
 UPHFUIFS XJUI /JOB
3FJTUBE
 BMTP QSPWJEFE UIF SFDJQF BOE DIBSBDUFSJ[BUJPO PG UIF UJTTVF�NJNJDLJOH QIBO�
UPNT VTFE UISPVHIPVU UIF QSFTFOU XPSL� ɨF FYQFSUJTF SFHBSEJOH FWFSZUIJOH SFMBUFE
UP VMUSBTPVOE QSPWJEFE CZ .BHOVT $JOUIJP BOE 5PCJBT &SMÚW XBT HSFBUMZ BQQSFDJBUFE�
4P XBT UIF NFEJDBM FYQFSUJTF QSPWJEFE CZ &NJMJF ,SJUF 4WBOCFSH� * XPVME MJLF UP UIBOL
3PHFS .BDGBSMBOF
 BOE :JO )BOH
 GPS LJOEMZ QSPWJEJOH 5N3+�-B'3 DSZTUBMT GPS TQFD�
USPTDPQJD JOWFTUJHBUJPOT� *�N BMTP HSBUFGVM UP 4BTLJB #POE[B GPS UIF FYDFMMFOU XPSL TIF
EJE EVSJOH IFS NBTUFS�T QSPKFDU UIBU * DP�TVQFSWJTFE� 'JOBMMZ
 * XPVME BMTP MJLF UP UIBOL
BMM UIF PUIFS NFNCFST PG UIF 2VBOUVN *OGPSNBUJPO (SPVQ
 CPUI QSFTFOU BOE GPSNFS�
"OESFBT 8BMUIFS
 .PIBNNFE "MRFESB
 "EBN ,JOPT
 )BGTB 4ZFE
 $IVOZBO 4IJ
 4F�
CBTUJBO )PSWBUI
 .BSDVT -JOEÏO
 %BWJE (VTUBWTTPO
 BOE "CEVMMBI "CEFMBUJFG� "MM PG
ZPV IBT QSPWJEFE VTFGVM DPNNFOUT BOE IFMQ BU NVMUJQMF TUBHFT PG NZ XPSL
 BOE IBWF
BMTP DPOUSJCVUFE UP B QMFBTBOU XPSL FOWJSPONFOU�
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1PQVMÊSWFUFOTLBQMJH TBNNBOGBUUOJOH QÌ TWFOTLB

#JMEHJWBOEF UFLOJLFS JOPN NFEJDJOTL EJBHOPTUJL TPN NBHOFUJTL SFTPOBOTUPNPHSBm
	.3*

 SÚOUHFO
 VMUSBMKVE
 FUD� ÊS WÊMEJHU WJLUJHB J EBHFOT TBNIÊMMF
 PDI IBS CJESBHJU UJMM
BUU ÚLB CÌEF MJWTMÊOHEFO PDI MJWTLWBMJUFUFO GÚS NÌOHB NÊOOJTLPS� #FSPFOEF QÌ WJMLFO
WÊWOBETUZQ NBO WJMM BWCJMEB
 GVOHFSBS UFLOJLFSOB PMJLB CSB
 FGUFSTPN EFU ÊS PMJLB GZTJ�
LBMJTLB NFLBOJTNFS TPN HFS VQQIPW UJMM CJMELPOUSBTUFO� 5FLOJLFS TPN BOWÊOEFS MKVT
IBS FO NPMFLVMÊS LPOUSBTU TPN JOUF LBO GÌT NFE BOESB UFLOJLFS
 PDI IBS EÊSGÚS WJTTB
GÚSEFMBS� 5JMM FYFNQFM
 TÌ ÊS MKVT WÊMEJHU CSB GÚS BUU EFUFLUFSB IFNPHMPCJONPMFLZMFO J
CMPEFU
 PDI ÊS EFU TUPS TLJMMOBE QÌ IVS MKVT JOUFSBHFSBS NFE TZSFTBUU PDI JDLF TZSFTBUU
IFNPHMPCJO� %FU LBO NBO CMBOE BOOBU BOWÊOEB GÚS BUU TLJMKB QÌ GSJTL PDI DBODFSTKVL
WÊWOBE� &O UFLOJL TPN BOWÊOEFS MKVT GÚS BUU BWCJMEB IKÊSOBO TLVMMF WBSB WÊMEJHU BO�
WÊOECBS GÚS BUU ÚLB WÌS GÚSTUÌFMTF GÚS IVS IKÊSOBO GVOHFSBS
 PDI GÚS TKVLEPNBS TPN UJMM
FYFNQFM TUSPLF
 GÚS BUU OÊNOB OÌHSB BOWÊOEOJOHTPNSÌEFO�

%FU mOOT EPDL FUU TUPSU QSPCMFN NFE BUU BOWÊOEB MKVT GÚS BUU UB CJMEFS JOOF J LSPQQFO�
5JMM TLJMMOBE GSÌO SBEJPWÌHPSOB TPN BOWÊOET GÚS .3*
 SÚOUHFOTUSÌMOJOH
 PDI VMUSBMKVE

TPN GÊSEBT SBLU JHFOPN WÊWOBE
 TÌ TQSJET MKVT LSBGUJHU� 3FEBO FGUFS BUU IB GÊSEBUT OÌH�
SB NJMMJNFUFS JOOF J WÊWOBEFO TÌ ÊS MKVTFUT GÊSESJLUOJOH IFMU TMVNQNÊTTJH� &GUFSTPN
NBO JOUF WFU WJMLFO WÊH MKVTFU GÊSEBUT
 UBQQBS NBO SVNTVQQMÚTOJOH
 PDI NBO LBO JOUF
ÌUFSTLBQB FO TLBSQ CJME� 'ÚS OÊSWBSBOEF mOOT EFU EÊSGÚS JOUF OÌHPO NFEJDJOTL UFLOJL
TPN BOWÊOEFS MKVT GÚS BUU UB TLBSQB CJMEFS BW IKÊSOBO FMMFS BOESB EKVQMJHHBOEF PSHBO J
LSPQQFO�

%FOOB BWIBOEMJOH IBOEMBS PN FO UFLOJL TPN IFUFS VMUSBTPVOE PQUJDBM UPNPHSBQIZ
	605
 TPN LPNCJOFSBS MBTFSMKVT NFE VMUSBMKVE GÚS BUU LSJOHHÌ QSPCMFNFU NFE EÌMJH
VQQMÚTOJOH QÌ HSVOE BW TQSJEOJOH� .ÌMFU GÚS 605 ÊS NÚKMJHHÚSB NFEJDJOTL BWCJME�
OJOH NFE MKVT nFSB DFOUJNFUFS JO J LSPQQFO� 'JHVS ð WJTBS IVS FO 605�NÊUOJOH GVO�
HFSBS� -BTFSMKVT PDI FO VMUSBMKVETQVMT TLJDLBT JO J WÊWOBEFO� -BTFSMKVTFU TQSJET ÚWFS FUU
TUPSU WÊWOBETPNSÌEF� 6MUSBMKVETQVMTFO EÊSFNPU LBO GPLVTFSBT UJMM FO MJUFO WPMZN� &O
CSÌLEFM BW MBTFSMKVTFU QBTTFSBS HFOPN
 PDI WÊYFMWFSLBS NFE VMUSBMKVETQVMTFO
 WJMLFU HÚS
BUU MKVTFU ÊOESBS GSFLWFOT 	BMMUTÌ GÊSHFO QÌ MKVTFU ÊOESBT
� * 'JHVS ð WJTBT EFU GSFLWFOTTLJG�
UBEF MKVTFU NFE CMÌ QJMBS
 PDI EFU JDLF GSFLWFOTTLJGUBEF CBLHSVOETMKVTFU
 BMMUTÌ EFU MKVT
TPN JOUF QBTTFSBU HFOPN VMUSBMKVETQVMTFO PDI ÊOESBU GSFLWFOT
 NFE HSÚOB QJMBS� ­WFO
PN WJ JOUF WFU WJMLFO WÊH EFU GSFLWFOTTLJGUBEF MKVTFU TPN LPNNFS VU JGSÌO LSPQQFO IBS
UBHJU
 TÌ WFU WJ BUU EFU NÌTUF IB HÌUU HFOPN VMUSBMKVETQVMTFO
 FGUFSTPN EFU GSFLWFOT�
TLJGUBEF MKVTFU FOCBSU HFOFSFSBUT J EFO WPMZN TPN VMUSBMKVETQVMTFO VQQUBS� 0N NBO
NÊUFS JOUFOTJUFUFO QÌ EFU GSFLWFOTTLJGUBEF MKVTFU OÊS NBO TLJDLBS VMUSBMKVETQVMTFS UJMM
nFSB PMJLB TUÊMMFO J WÊWBOEFO
 TÌ LBO NBO FO QJYFM J UBHFU
 TLBQB FO CJME EÊS LPOUSBTUFO
LPNNFS JGSÌO MKVTFU PDI VQQMÚTOJOHFO LPNNFS GSÌO VMUSBMKVEFU�
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)LJXU �� 8QGHU HQ 827�P¦WQLQJ VNLFNDV E§GH ODVHUOMXV �JU¸QD SLODU� RFK XOWUDOMXGVSXOVHU �U¸G VNLYD� LQ L NURSSHQ�
/DVHUOMXVHW VSULGV ¸YHU HWW VWRUW Y¦YQDGVRPU§GH� PHQ HQ OLWHQ GHO DY OMXVHW J§U JHQRP� RFK Y¦[HOYHU�
NDU PHG XOWUDOMXGVSXOVHQ� YLONHW J¸U DWW OMXVHW ¦QGUDU IUHNYHQV �EO§ SLODU�� 2P PDQ EDUD GHWHNWHUDU
GHW IUHNYHQVVNLIWDGH OMXVHW NDQ PDQ WD ELOGHU PHG OMXV GMXSW LQQH L NURSSHQ� 0DQ NDQ VHSDUHUD GHW
IUHNYHQVVNLIWDGH OMXVHW �EO§ SLODU� IU§Q EDNJUXQGOMXVHW �JU¸QD SLODU� PHG EDQGSDVVýOWHU VRP VNDSDWV L
NULVWDOOHU VRP LQQHK§OOHU MRQHU DY V¦OOV\QWD MRUGDUWVPHWDOOHU�

'SFLWFOTÊOESJOHFO TPN VMUSBMKVETQVMTFO HFS VQQIPW UJMM ÊS EPDL FYUSFNU MJUFU KÊN�
GÚSU NFE GSFLWFOTFO QÌ MBTFSMKVTFU 	VOHFGÊS FO EFM QÌ IVOESB NJMKPOFS
� %FTTVUPN

TÌ LBO CBLHSVOETMKVTFUT JOUFOTJUFU
 WBSB IVOESBUVTFO HÌOHFS IÚHSF ÊO JOUFOTJUFU QÌ
EFO GSFLWFOTTLJGUBEF TJHOBMFO WJ WJMM NÊUB GÚS BUU LVOOB UB FO 605�CJME� 7J NÌTUF
BMMUTÌ CMPDLFSB EFU TUBSLB CBLHSVOETMKVTFU
 TPN JOUF JOOFIÌMMFS OÌHPO BOWÊOECBS JO�
GPSNBUJPO
 FGUFSTPN EFU MKVTFU JOUF QBTTFSBU HFOPN VMUSBMKVETQVMTFO� %FUUB ÊS WÊMEJHU
UFLOJTLU VUNBOBOEF
 PDI ÊWFO PN 605�LPODFQUFU IBS GVOOJUT TFEBO ðøøò
 PDI nFSB
PMJLB NFUPEFS GÚS BUU EFUFLUFSB TJHOBMFO IBS VOEFSTÚLUT
 IBS NBO JOUF MZDLBUT VUWFDLMB
UFLOJLFO UJMM FUU TUBEJF EÊS EFO LBO BOWÊOEBT QÌ TKVLIVT�

* -VOE TÌ VOEFSTÚLFS WJ IVS NBO LBO BOWÊOEB LSJTUBMMFS TPN JOOFIÌMMFS KPOFS BW TÊMM�
TZOUB KPSEBSUNFUBMMFS GÚS BUU mMUSFSB VU EFO GSFLWFOTTLJGUBEF TJHOBMFO� (FOPN BUU CFMZTB
KPOFSOB J LSJTUBMMFO NFE MBTFSMKVT NFE TBNNB GSFLWFOT TPN TJHOBMFO
 TÌ LBO NBO GÌ
EFN BUU CMJ HFOPNTLJOMJHB GÚS TJHOBMFO
 TBNUJEJHU TPN EF CMPDLFSBS CBDLHSVOETMKV�
TFU� .BO LBO TLBQB FUU TÌ LBMMBU CBOEQBTTmMUFS J EFTTB LSJTUBMMFS
 TPN WJTBS TJH IB VOJLB
FHFOTLBQFS� 'JMUSFO LBO IB WÊMEJHU TNBMM CBOECSFEE
 IÚH EÊNQOJOH
 PDI GVOHFSBS PCF�
SPFOEF BW WJMLFO SJLUOJOH MKVTFU IBS HFOPN LSJTUBMMFO
 WJMLFU ÊS WÊMEJHU BOWÊOECBSU EÌ
EFU TQSJEEB MKVTFU MÊNOBS WÊWOBEFO J BMMB SJLUOJOHBS� "UU TBNUJEJHU IB EFTTB USF mMUFSF�

YJJ



HFOTLBQFS ÊS JOUF NÚKMJHU NFE OÌHPO BOOBO UZQ BW mMUFS TPN mOOT JEBH�

* EFOOB BWIBOEMJOH QSFTFOUFSBT GPSTLOJOH QÌ OZ UZQ BW LSJTUBMM 	5N3+�-B'3
 GÚS 605�
3FTVMUBUFO WJTBS QÌ FO TUPS QPUFOUJFMM GÚSCÊUUSJOH J mMUFSQSFTUBOEF KÊNGÚSU NFE UJEJHBSF
BOWÊOEB LSJTUBMMFS� 7JEBSF
 TÌ QSFTFOUFSBT ÊWFO 605�NÊUOJOHBS QÌ WÊWOBETGBOUPNFS
J TZGUF BUU CÊUUSF GÚSTUÌ IVS TJHOBMTUZSLBO CFSPS QÌ PMJLB FYQFSJNFOUQBSBNFUBS
 WJMLFU
GÚSCÊUUSBS WÌS GÚSTUÌFMTF GÚS IVS FUU PQUJNFSBU 605�TZTUFN LBO QSFTFOUFSB� 3FTVMUBUFO
UZEFS QÌ BUU 605 NFE IKÊMQ BW WÌSB LSJTUBMMFS
 TLVMMF LVOOB BOWÊOEBT GÚS BUU UB CJMEFS
QÌNZDLFU TUÚSSF EKVQ ÊO WBE TPN ÊSNÚKMJHU NFE BOESB UFLOJLFS JEBH
 PDI UJMM FYFNQFM

TÌ TLVMMF NBO LVOOB IJUUB UVNÚSFO TPN MJHHFS HÚNE nFSB DFOUJNFUFS OFS J WÊWOBEFO
J 'JHVS ð�

YJJJ





.BUFSJBM BOE UFDIOJRVF
EFWFMPQNFOU GPS VMUSBTPVOE PQUJDBM
UPNPHSBQIZ VTJOH TQFDUSBM IPMF
CVSOJOH mMUFST

ð





$IBQUFS ð

*OUSPEVDUJPO

*NBHJOH UFDIOJRVFT BSF WFSZ JNQPSUBOU JO NPEFSO NFEJDJOF
 BOE IBWF DPOUSJCVUFE
UP JODSFBTJOH CPUI UIF MJGF TQBO BOE RVBMJUZ PG MJGF GPS NBOZ QBUJFOUT� 5FDIOPMPHJFT
TVDI BT VMUSBTPVOE
 9�SBZT
 BOE NBHOFUJD SFTPOBODF JNBHJOH 	.3*

 FUD�
 BSF VTFE UP
JNBHF EFFQ JOTJEF UIF IVNBO CPEZ BU IPTQJUBMT BSPVOE UIF XPSME� ɨFTF NPEBMJUJFT
IBWF EJĊFSFOU DPOUSBTU NFDIBOJTNT BOE SFTPMVUJPO
 NBLJOH UIFN TVJUBCMF GPS EJĊFSFOU
NFEJDBM EJBHOPTUJD BQQMJDBUJPOT�

6MUSBTPVOE
 GPS FYBNQMF
 QSPEVDFT JNBHFT PG BOBUPNJDBM TUSVDUVSFT CZ NFBTVSJOH UIF
SFnFDUJPOT PG BDPVTUJD XBWFT GSPN UJTTVFT XJUI EJĊFSFOU BDPVTUJD JNQFEBODF� #MPPE
nPX DBO BMTP CF WJTVBMJ[FE CZ NFBTVSJOH UIF %PQQMFS TIJGUT JO UIF SFnFDUFE BDPVTUJD
XBWFT
 CVU UIF GVODUJPOBM JNBHJOH DBQBCJMJUJFT PG VMUSBTPVOE BSF MJNJUFE� ɨF DPO�
USBTU JO DPOWFOUJPOBM 9�SBZ JNBHJOH JT CBTFE PO EJĊFSFODFT JO UIF BUPNJD OVNCFS PG
UIF DPOTUJUVFOUT PG WBSJPVT LJOET PG UJTTVF� 5JTTVFT DPOUBJOJOH FMFNFOUT XJUI B SFMB�
UJWFMZ IJHI BUPNJD OVNCFS
 TVDI BT CPOF 	DPOUBJOJOH DBMDJVN

 BUUFOVBUF 9�SBZT NPSF
TUSPOHMZ UIBO TPGU UJTTVFT� 4JNJMBSMZ UP VMUSBTPVOE
 9�SBZT BSF QSJNBSJMZ HPPE GPS QSP�
WJEJOH TUSVDUVSBM JOGPSNBUJPO� .3* JT CBTFE PO UIF VTF PG SBEJP GSFRVFODZ 	3'
 XBWFT
UP QSPCF UIF NBHOFUJD QSPQFSUJFT PG IZESPHFO OVDMFJ
 BOE DBO QSPWJEF CPUI TUSVDUVSBM
JOGPSNBUJPO BOE TPNF GVODUJPOBM JOGPSNBUJPO
 TVDI BT CMPPE nPX� .3* JT FTQFDJBMMZ
VTFGVM GPS JNBHJOH TPGU UJTTVFT BOE DBO
 GPS FYBNQMF
 EJĊFSFOUJBUF CFUXFFO XIJUF BOE
HSFZ CSBJO NBUUFS� )PXFWFS
 .3* JT FYQFOTJWF
 BOE UIF JNBHJOH SBUF JT TMPX�

0QUJDBM JNBHJOH UFDIOJRVFT BSF TFOTJUJWF UP UIF MPDBM DIFNJDBM DPNQPTJUJPO PG UJT�
TVF
 BOE UIVT QSPWJEF TQFDUSBM JOGPSNBUJPO OPU BWBJMBCMF XJUI PUIFS JNBHJOH NPEBM�
JUJFT� ɨF QPTTJCJMJUZ PG UBSHFUJOH TQFDJmD NPMFDVMFT JO UJTTVF IBT TFWFSBM QPUFOUJBM
BEWBOUBHFT� 'PS FYBNQMF
 MJHIU JT TFOTJUJWF UP CPUI EFPYZIBFNPHMPCJO 	)C
 BOE PYZ�
IBFNPHMPCJO 	)C02
� 2VBOUJmDBUJPO PG UIF DPODFOUSBUJPOT PG )C BOE )C02 BMMPXT

ò



UIF PYZHFO TBUVSBUJPO BOE CMPPE WPMVNF UP CF EFUFSNJOFE
 XIJDI
 GPS FYBNQMF
 BSF
VTFGVM JOEJDBUPST JO EJĊFSFOUJBUJOH CFUXFFO IFBMUIZ BOE DBODFSPVT UJTTVF�

)PXFWFS
 B NBKPS QSPCMFN BTTPDJBUFE XJUI PQUJDBM JNBHJOH UFDIOJRVFT JT NBJOUBJOJOH
UIF SFTPMVUJPO XJUI JODSFBTJOH UJTTVF QFOFUSBUJPO EFQUI� 6OMJLF 9�SBZT
 VMUSBTPVOE

BOE 3' XBWFT
 XIJDI QSPQBHBUF CBMMJTUJDBMMZ UISPVHI UJTTVF
 MJHIU JT TUSPOHMZ TDBUUFSFE�
#FMPX EFQUIT PG ∼ð NN
 UIF QBUI PG UIF MJHIU JO UJTTVF JT SBOEPN
 MFBEJOH UP MPTT
PG TQBUJBM SFTPMVUJPO JO DPOWFOUJPOBM PQUJDBM NFUIPET� /POFUIFMFTT
 PQUJDBM JNBHJOH
UFDIOJRVFT BSF WFSZ VTFGVM JO NBOZ EJBHOPTUJD BQQMJDBUJPOT�

.JDSPTDPQZ DBO CF VTFE UP TUVEZ UIF PQUJDBM BCTPSQUJPO PG UIJO UJTTVF TBNQMFT 	VQ
UP ∼ð NN

 XIFSF UIF QIPUPO USBKFDUPSJFT POMZ EFWJBUF NJOJNBMMZ
 BMMPXJOH GPS IJHI
TQBUJBM SFTPMVUJPO� ɨJO UJTTVF TFDUJPOT DBO UIVT CF FYBNJOFE VOEFS B NJDSPTDPQF GPS
FWJEFODF PG DBODFS� %JĊVTF PQUJDBM UPNPHSBQIZ DBO CF VTFE
 GPS FYBNQMF
 UP DIBS�
BDUFSJ[F CSFBTU UVNPVST� ɨJT UFDIOJRVF FNQMPZT NVMUJQMF OFBS�JOGSBSFE MJHIU TPVSDFT
BOE EFUFDUPST� ɨF EJĊVTF USBOTNJTTJPO GSPN FBDI PG UIF MJHIU TPVSDFT UP FBDI PG UIF
EFUFDUPST JT NFBTVSFE
 BMMPXJOH JNBHFT UP CF SFDPOTUSVDUFE� )PXFWFS
 UIF TQBUJBM SFT�
PMVUJPO JT MJNJUFE UP BQQSPYJNBUFMZ 1/3 PG UIF JNBHJOH EFQUI <ð>� 0QUJDBM DPOUSBTU
UFDIOJRVFT UIBU QSPWJEF CFUUFS TQBUJBM SFTPMVUJPO BU EFQUIT PG TFWFSBM DFOUJNFUSFT BSF
UIVT EFTJSBCMF�

ð�ð *NBHJOH CFZPOE UIF PQUJDBM TDBUUFSJOH MJNJU

.FUIPET UIBU DPNCJOF MJHIU BOE VMUSBTPVOE BSF CFJOH EFWFMPQFE UP FYUFOE PQUJDBM
JNBHJOH EFQUIT JO CJPMPHJDBM UJTTVFT CFZPOE UIF MJNJU JNQPTFE CZ MJHIU TDBUUFSJOH�
"QBSU GSPN UIF NPMFDVMBS DPOUSBTU QSPWJEFE CZ TVDI NFUIPET
 UIF FOFSHJFT JOWPMWFE
JO CPUI VMUSBTPVOE BOE PQUJDBM JNBHJOH BSF TBGF
 JO DPOUSBTU UP JPOJ[JOH 9�SBZT�

$VSSFOU TUBUF�PG�UIF�BSU VMUSBTPVOE�BTTJTUFE PQUJDBM JNBHJOH PG UJTTVFT JT QFSGPSNFE
VTJOH QIPUPBDPVTUJD UPNPHSBQIZ 	1"5
 <ñ>� *O UIJT NFUIPE
 UIF UBSHFU UJTTVF JT JSSB�
EJBUFE XJUI OBOPTFDPOE MBTFS QVMTFT� ɨF MBTFS QVMTF JT BCTPSCFE CZ NPMFDVMFT JO UIF
UJTTVF
 BOE UIF FOFSHZ JT DPOWFSUFE JOUP IFBU
 DBVTJOH UIFSNPFMBTUJD FYQBOTJPO� ɨJT
HFOFSBUFT VMUSBTPOJD XBWFT UIBU DBO CF EFUFDUFE XJUI POF PS NPSF VMUSBTPVOE USBOT�
EVDFST UP GPSN BO JNBHF� 1"5 QSPWJEFT NPMFDVMBS DPOUSBTU JNBHFT XJUI B SFTPMVUJPO
PG BCPVU 1/200 PG UIF JNBHJOH EFQUI <ñ>� ɨJT BMMPXT CJPMPHJDBM TUSVDUVSFT XJUI B
XJEF SBOHF PG TJ[FT UP CF TUVEJFE
 BOE TVC�NJMMJNFUSF SFTPMVUJPO JT UIVT BDIJFWBCMF BU
EFQUIT PG B GFX DFOUJNFUSFT� *O WJWP TUVEJFT IBWF TIPXO QSPNJTJOH SFTVMUT GPS 1"5
BT B EJBHOPTUJD UPPM GPS CSFBTU DBODFS <ò>� ɨF UFDIOJRVF JT BMTP CFJOH JOWFTUJHBUFE GPS
IVNBO CSBJO JNBHJOH <ó>
 BT XFMM BT PUIFS BQQMJDBUJPOT JO CJPMPHZ BOE NFEJDJOF <ñ>�
1"5 TZTUFNT GPS CPUI DMJOJDBM BOE QSF�DMJOJDBM SFTFBSDI BSF DPNNFSDJBMMZ BWBJMBCMF�

ó



"OPUIFS
 MFTT NBUVSF
 VMUSBTPVOE�BTTJTUFE PQUJDBM JNBHJOH UFDIOJRVF JT LOPXO BT VMUSB�
TPVOE PQUJDBM UPNPHSBQIZ 	605
 	PS BDPVTUP�PQUJDBM UPNPHSBQIZ
 <ô
 õ>� *O 605

UIF UJTTVF JT JSSBEJBUFE XJUI CPUI MBTFS MJHIU BOE VMUSBTPVOE QVMTFT� " GSBDUJPO PG UIF
TDBUUFSFE MJHIU QBTTFT UISPVHI UIF VMUSBTPVOE QVMTF BOE BDRVJSFT B GSFRVFODZ TIJGU WJB
UIF BDPVTUP�PQUJD FĊFDU� 0QUJDBM DPOUSBTU JNBHFT XJUI VMUSBTPVOE SFTPMVUJPO DBO CF
DPOTUSVDUFE CZ EFUFDUJOH UIF GSFRVFODZ�TIJGUFE MJHIU
 XIJMF TDBOOJOH UIF SFHJPO PG JO�
UFSFTU XJUI UIF VMUSBTPVOE QVMTF� 4FWFSBM DPIFSFOU NFUIPET IBWF CFFO EFWFMPQFE UP
EFUFDU UIF 605 TJHOBM� "MUIPVHI QSPNJTJOH SFTVMUT IBWF CFFO PCUBJOFE VTJOH UJTTVF
QIBOUPNT
 UIF TQFDLMFE MJHIU mFME SFTVMUJOH GSPN NVMUJQMF XBWF JOUFSGFSFODF
 BOE JUT
SBQJE UFNQPSBM EFDPSSFMBUJPO EVF UP JOUFSOBM UJTTVF NPUJPO
 IBWF NBEF JU EJċDVMU UP
USBOTMBUF UIFTF UFDIOJRVFT UP JO WJWP BQQMJDBUJPOT� *ODPIFSFOU mMUFSJOH PG UIF 605
TJHOBM VTJOH TQFDUSBM IPMF CVSOJOH NBUFSJBMT JT JOTFOTJUJWF UP TQFDLMF EFDDPSSFMBUJPO

CVU SFRVJSFT B NPSF DPNQMFY TFU�VQ BOE DSZPHFOJD DPPMJOH� 6OMJLF 1"5
 UIFSF BSF
 UP
UIF CFTU PG UIF BVUIPS�T LOPXMFEHF
 OP DPNNFSDJBMMZ BWBJMBCMF 605 TZTUFNT� )PX�
FWFS
 UIFPSFUJDBM DBMDVMBUJPOT CZ 8BMUIFS FU BM� <ö> JOEJDBUF UIBU BO PQUJNJ[FE TQFDUSBM
IPMF�CVSOJOH�CBTFE 605 TZTUFN XPVME PVUQFSGPSN 1"5 JO UFSNT PG UIF DPOUSBTU�UP�
OPJTF SBUJP
 BOE DPVME UIVT CF VTFE UP JNBHF EFFQFS JOUP UJTTVF
 PS XPVME QSPWJEF B
CFUUFS DPOUSBTU�UP�OPJTF SBUJP BU TIBMMPX EFQUIT� "QQMJDBUJPOT PG 605 DPVME JODMVEF
UIF EFUFDUJPO BOE NPOJUPSJOH PG DBODFS UVNPVST
 PS JNBHJOH PG UIF GSPOUBM QBSU PG
UIF IFBSU NVTDMF <ö> PS UIF IVNBO CSBJO <÷>� )PXFWFS
 GVSUIFS SFTFBSDI JT SFRVJSFE
PO CPUI UIF NBUFSJBMT BOE UIF UFDIOJRVF CFGPSF UIJT QPUFOUJBMMZ QPXFSGVM JNBHJOH UPPM
DBO CF BQQMJFE JO WJWP�

ð�ñ "JN BOE PVUMJOF

ɨF BJN PG UIF SFTFBSDI QSFTFOUFE JO UIJT UIFTJT XBT UP GVSUIFS EFWFMPQ UIF 605 UFDI�
OJRVF UPXBSET JNBHJOH JO CJPMPHJDBM UJTTVFT BU EFQUIT PG TFWFSBM DFOUJNFUSFT� 4QFDUSBM
IPMF CVSOJOH mMUFST <ø
 ðï>
 XIJDI BSF DSFBUFE VTJOH PQUJDBM QVNQJOH UFDIOJRVFT JO
SBSF�FBSUI�JPO�EPQFE DSZTUBMT
 XFSF VTFE GPS TJHOBM EFUFDUJPO� "O JNQPSUBOU QBSU PG
UIJT XPSL XBT UIF JEFOUJmDBUJPO BOE EFWFMPQNFOU PG mMUFS NBUFSJBMT DBQBCMF PG TVQ�
QPSUJOH IJHI�DPOUSBTU mMUFST BU XBWFMFOHUIT TVJUBCMF GPS CJPNFEJDBM BQQMJDBUJPOT�

$IBQUFS ñ CSJFnZ EJTDVTTFT UIF JOUFSBDUJPO CFUXFFO MJHIU BOE UJTTVF
 XIJMF $IBQUFS ò
QSPWJEFT UIF CBDLHSPVOE UP SBSF�FBSUI�JPO�EPQFE DSZTUBMT� $IBQUFS ó EFTDSJCFT UIF CB�
TJD QSJODJQMFT PG 605
 BOE QSFTFOUT B DPNQBSJTPO CFUXFFO EJĊFSFOU EFUFDUJPO NFUI�
PET 	1BQFS 7*

 BOE 605 NFBTVSFNFOUT NBEF VTJOH TQFDUSBM IPMF CVSOJOH mMUFST BU
606 ON 	1BQFST *
 *** � *7
� $IBQUFS ô QSFTFOUT JOWFTUJHBUJPOT JOUP OPWFM TQFDUSBM
IPMF CVSOJOH NBUFSJBMT GPS 605 BU XBWFMFOHUIT TVJUBCMF GPS CJPNFEJDBM BQQMJDBUJPOT
	1BQFS 7
� $IBQUFS õ QSPWJEFT B TVNNBSZ BOE GVUVSF PVUMPPL� "QQFOEJY " EFTDSJCFT
UIF EFTJHO PG BO PQUJDBM QVMTF TIBQJOH TZTUFN
 BOE B NFUIPE GPS NFBTVSJOH UIF PQUJDBM

ô



QBUI MFOHUI DIBOHF PG PQUJDBM mCSFT XJUI UFNQFSBUVSF 	1BQFS **
�

õ



$IBQUFS ñ

-JHIU QSPQBHBUJPO JO UJTTVF

#JPNFEJDBM PQUJDT SFMJFT PO B HPPE VOEFSTUBOEJOH PG IPX QIPUPOT QSPQBHBUF UISPVHI
BOE JOUFSBDU XJUI WBSJPVT LJOET PG UJTTVF� #JPMPHJDBM UJTTVF JT WFSZ DPNQMFY BOE NBZ
DPOUBJO NBOZ DPOTUJUVFOUT TVDI BT DFMMT
 QSPUFJOT
 MJQJET
 FUD�
 XJUI B XJEF SBOHF PG
TJ[FT
 BOE B HFOFSBMMZ VOLOPXO EJTUSJCVUJPO� ɨF PQUJDBM QSPQFSUJFT PG EJĊFSFOU UJTTVFT
DBO UIFSFGPSF WBSZ CZ BT NVDI BT BO PSEFS PG NBHOJUVEF BOE UIF WBMVFT QSFTFOUFE JO
UIF MJUFSBUVSF DBO WBSZ DPOTJEFSBCMZ GPS UIF TBNF UZQF PG UJTTVF� " SFWJFX PG UIF PQUJDBM
QSPQFSUJFT PG UJTTVFT DBO CF GPVOE JO 3FG� <ðð>� ɨJT DIBQUFS JT NBJOMZ DPODFSOFE XJUI
UIF BCTPSQUJPO BOE TDBUUFSJOH PG MJHIU JO UJTTVF� ,OPXMFEHF PG UIFTF QSPQFSUJFT PG
UJTTVF XJMM CF JNQPSUBOU JO TVCTFRVFOU DIBQUFST
 BT UIFZ HSFBUMZ BĊFDU UIF JNBHJOH
EFQUI BDIJFWBCMF XJUI UIF 605 UFDIOJRVF
 BOE NVTU CF DPOTJEFSFE XIFO FTUJNBUJOH
UIF JNBHJOH DBQBCJMJUJFT PG UIF UFDIOJRVF 	$IBQUFS ó

 BOE XIFO DIPPTJOH TVJUBCMF
PQFSBUJOH XBWFMFOHUIT GPS JO WJWP BQQMJDBUJPO 	$IBQUFS ô
�

ñ�ð 0QUJDBM BCTPSQUJPO JO UJTTVF

0QUJDBM BCTPSQUJPO JT UIF QSPDFTT JO XIJDI NBUUFS UBLFT VQ UIF FOFSHZ PG BO JODPN�
JOH QIPUPO� ɨJT FOFSHZ DBO
 GPS FYBNQMF
 CF DPOWFSUFE JOUP IFBU
 PS SF�SBEJBUFE BT
nVPSFTDFODF� ɨF BCTPSQUJPO DPFċDJFOU
 µB
 JT UIF QSPCBCJMJUZ PG BO BCTPSQUJPO FWFOU
PDDVSSJOH QFS VOJU EJTUBODF USBWFMMFE JO B NBUFSJBM
 TVDI UIBU UIF USBOTNJUUBODF T GPS
B QBUI MFOHUI LQ
 JT EFTDSJCFE CZ UIF #FFS�-BNCFSU MBX�

T = F−µBLQ 	ñ�ð


4FWFSBM EJĊFSFOU DPOTUJUVFOUT PG UJTTVF BSF SFTQPOTJCMF GPS UIF BCTPSQUJPO PG PQUJDBM
QIPUPOT� ɨF BCTPSQUJPO TQFDUSB GPS TPNF DPNNPO UJTTVF DPOTUJUVFOUT BSF TIPXO JO

ö



'JHVSF ñ�ð� "U XBWFMFOHUIT CFMPX ∼ 650 ON
 UIF BCTPSQUJPO DPFċDJFOUT PG EFPYZ�
IBFNPHMPCJO 	)C
 BOE PYZIBFNPHMPCJO 	)C02
 JO UIF CMPPE BSF WFSZ IJHI
 XIJDI
TFWFSFMZ MJNJUT UIF QIPUPO QFOFUSBUJPO EFQUI BDIJFWBCMF
 BOE SFOEFST UIFTF XBWF�
MFOHUIT VOTVJUBCMF GPS EFFQ UJTTVF PQUJDBM JNBHJOH� ɨF BCTPSQUJPO DPFċDJFOU PG XBUFS
JT MPX JO UIF WJTJCMF SFHJPO� )PXFWFS
 GPS XBWFMFOHUIT JO UIF OFBS�JOGSBSFE SFHJPO UIF
BCTPSQUJPO CZ XBUFS JT TJHOJmDBOU� ɨJT MFBET UP UIF TP�DBMMFE UJTTVF PQUJDBM XJOEPXT PS
UIFSBQFVUJD XJOEPXT
 JO XIJDI UIF NBYJNVN PQUJDBM QFOFUSBUJPO EFQUI JT BDIJFWFE�
'JHVSF ñ�ð IJHIMJHIUT UIF mSTU PQUJDBM XJOEPX CFUXFFO ∼ 650−950 ON
 XIJDI JT UIF
XBWFMFOHUI SBOHF NBJOMZ DPOTJEFSFE GPS UIF SFTFBSDI QSFTFOUFE JO UIJT UIFTJT� )PX�
FWFS
 B TFDPOE PQUJDBM XJOEPX CFUXFFO 1100−1350 ON
 BT XFMM BT B UIJSE BOE GPVSUI
XJOEPX BU FWFO MPOHFS XBWFMFOHUIT BSF BMTP EJTDVTTFE JO UIF MJUFSBUVSF <ðñ>�
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)LJXUH ���� $EVRUSWLRQ VSHFWUD IRU VRPH LPSRUWDQW WLVVXH FRQVWLWXHQWV� 7KH +E DQG +E22 VSHFWUD DUH SORWWHG
XVLQJ WKH GDWD FRPSLOHG E\ 3UDKO >��@� 7KH ZDWHU VSHFWUXP ZDV RULJLQDOO\ PHDVXUHG E\ +DOH HW
DO� >��@ DQG UHWULHYHG IURP 3UDKO >��@� 1RWH WKDW WKH y�D[LV LV ORJDULWKPLF�

*U DBO CF TFFO JO 'JHVSF ñ�ð UIBU UIFSF JT B DPOTJEFSBCMF EJĊFSFODF JO UIF PQUJDBM BC�
TPSQUJPO TQFDUSB PG )C BOE )C02� *O UIF ∼ 650− 700 ON SFHJPO
 UIF BCTPSQUJPO
DPFċDJFOU PG )C JT BCPVU POF PSEFS PG NBHOJUVEF HSFBUFS UIBO UIBU PG )C02� "U
BCPVU 800 ON
 UIF BCTPSQUJPO DPFċDJFOUT GPS )C BOE )C02 BSF FRVBM
 B TP�DBMMFE
JTPTCFTUJD QPJOU� "U MPOHFS XBWFMFOHUIT
 UIF BCTPSQUJPO DPFċDJFOU PG )C02 JT HSFBUFS�
ɨF EJĊFSFODFT JO UIFTF TQFDUSB BMMPX UXP PS NPSF XBWFMFOHUIT UP CF DPNCJOFE UP
RVBOUJGZ UIF SFMBUJWF DPODFOUSBUJPOT PG )C BOE )C02
 BOE UIVT DBMDVMBUF UIF UJTTVF
PYZHFO TBUVSBUJPO�

%JĊFSFOU LJOET PG UJTTVF IBWF EJĊFSFOU BNPVOUT PG CMPPE
 XBUFS
 BOE GBU
 FUD�
 SFTVMUJOH
JO EJĊFSFOU BCTPSQUJPO TQFDUSB� ɨF TQFDUSVN PG HFOFSJD UJTTVF DBO CF FTUJNBUFE CZ
TVNNJOH UIF JOEJWJEVBM UJTTVF DPOTUJUVFOU TQFDUSB <ðð>� 'PS FYBNQMF
 GPS B UJTTVF XIFSF
POMZ )C
 )C02
 BOE XBUFS DPOUSJCVUF UP BCTPSQUJPO
 UIF TQFDUSVN DBO CF DBMDVMBUFE
BT�

µB(λ) = BWS0ñµ
PYZ
B +BW(1−S0ñ)µEFPYZ

B +W µXBU
B 	ñ�ñ


÷



XIFSF BW JT UIF BWFSBHF CMPPE WPMVNF GSBDUJPO
 S0ñ JT UIF PYZHFO TBUVSBUJPO
 W JT UIF
XBUFS DPOUFOU
 BOE λ JT UIF XBWFMFOHUI� ɨF BCTPSQUJPO TQFDUSB GPS )C
 )C0ñ
 BOE
XBUFS BSF EFOPUFE µ

EFPYZ
B 
 µPYZ

B 
 BOE µXBU
B 
 SFTQFDUJWFMZ� "O FYBNQMF PG TVDI B TQFDUSVN

JT TIPXO JO 'JHVSF ñ�ñ
 XIFSF UIF UJTTVF JT BTTVNFE UP IBWF BO BWFSBHF CMPPE WPMVNF
GSBDUJPO PG 4% BOE PYZHFO TBUVSBUJPO PG 85%� ɨJT JT TJNJMBS UP NVTDMF UJTTVF
 CVU
PUIFS DPOTUJUVFOUT TVDI BT DPOOFDUJWF UJTTVF
 GBU
 BOE NZPHMPCJO 	B QSPUFJO
 DPVME
BMTP DPOUSJCVUF UP MJHIU BCTPSQUJPO <ö>� *O UIF FYBNQMF TIPXO JO 'JHVSF ñ�ñ
 XBUFS
NBJOMZ TUBSUT UP DPOUSJCVUF UP UIF BCTPSQUJPO BU XBWFMFOHUIT MPOHFS UIBO 900 ON� "U
TIPSUFS XBWFMFOHUI UIF BCTPSQUJPO JT BMNPTU FYDMVTJWFMZ DBVTFE CZ CMPPE�

600 650 700 750 800 850 900 950 1000

Wavelength (nm)

0.0

0.1

0.2

0.3

0.4

0.5

A
b

so
rp

ti
o

n
 c

o
e
ffi

ci
e
n

t 
(c

m
-1

)

BV = 4%, SO2 = 85%, W = 0%
BV = 4%, SO2 = 85%, W = 30%

)LJXUH ���� $EVRUSWLRQ VSHFWUD IRU JHQHULF WLVVXHV FDOFXODWHG EDVHG RQ (TXDWLRQ ������ 7KH EORRG YROXPH IUDF�
WLRQ� R[\JHQ VDWXUDWLRQ� DQG ZDWHU FRQWHQW RI WKH WLVVXH DUH GHQRWHG BW� S0ñ� DQG W � UHVSHFWLYHO\�

ñ�ñ 0QUJDBM TDBUUFSJOH JO UJTTVF

-JHIU TDBUUFSJOH JT UIF QSPDFTT DBVTJOH B QIPUPO UP EFWJBUF GSPN B TUSBJHIU USBKFDUPSZ
EVF UP JOIPNPHFOFJUJFT JO UIF SFGSBDUJWF JOEFY PG UIF UJTTVF
 BOE JT UIF EPNJOBOU MJHIU�
UJTTVF JOUFSBDUJPO JO UIF OFBS�JOGSBSFE PQUJDBM SFHJPO� 8IFO MJHIU FOUFST B UIJDL UJTTVF

UIF QIPUPOT XJMM GPMMPX NVMUJQMF QBUIT BT TIPXO JO 'JHVSF ñ�ò
 BOE XJMM MFBWF UIF UJTTVF
XJUI SBOEPN EJSFDUJPOT BOE QIBTFT� *U JT UIJT SBOEPNJ[BUJPO PG QIPUPO QBUIT JO UJTTVF
UIBU QSFWFOUT TQBUJBMMZ SFTPMWFE PQUJDBM JNBHJOH BU HSFBUFS UJTTVF EFQUIT
 BOE NBLF
UFDIOJRVFT TVDI BT 605
 XIJDI PWFSDPNF UIJT QSPCMFN
 JOUFSFTUJOH UP QVSTVF�

ø



1/μs'

Tissue

Light

1/μs

)LJXUH ���� 2SWLFDO SKRWRQV DUH VWURQJO\ VFDWWHUHG E\ WLVVXH DQG WKHUHIRUH SURSDJDWH RYHU PDQ\ GLIIHUHQW
SDWKV� 7KH VFDWWHULQJ PHDQ IUHH SDWK �1/µT� DQG WUDQVSRUW PHDQ IUHH SDWK �1/µ′T� GLVFXVVHG EHORZ
DUH LOOXVWUDWHG LQ WKH ýJXUH�

ɨF NVMUJQMF TDBUUFSJOH FWFOUT UIBU PDDVS JO UJTTVF BOE UIFJS DPNQMFY NJDSPTDPQJD
TUSVDUVSF NPUJWF B TUBUJTUJDBM EFTDSJQUJPO PG UIF TDBUUFSJOH QSPQFSUJFT PG UJTTVF� ɨF
TDBUUFSJOH DPFċDJFOU
 µT
 JT JOUSPEVDFE UP EFTDSJCF UIF QSPCBCJMJUZ UIBU B TDBUUFSJOH
FWFOU PDDVS QFS VOJU QBUI MFOHUI� *UT JOWFSTF JT DBMMFE UIF TDBUUFSJOH NFBO GSFF QBUI

BOE JT UIF BWFSBHF EJTUBODF B QIPUPO DBO USBWFM JO UJTTVF CFUXFFO TDBUUFSJOH FWFOUT�
ɨF TJ[F PG UIF TDBUUFSJOH QBSUJDMFT JT NPTUMZ PG UIF PSEFS PG UIF PQUJDBM XBWFMFOHUI PS
MBSHFS
 BOE GSPN .JF UIFPSZ JU GPMMPXT UIBU UIF TDBUUFSJOH UIFO PDDVST NPTUMZ JO UIF
GPSXBSE EJSFDUJPO� "O BWFSBHFE QBSBNFUFS DBMMFE UIF BOJTPUSPQZ GBDUPS g = 〈cosθ〉
JT JOUSPEVDFE UP EFTDSJCF UIF SFMBUJWF BNPVOU PG GPSXBSE TDBUUFSJOH
 XIFSF θ JT UIF
EFnFDUJPO BOHMF GSPN UIF PSJHJOBM USBKFDUPSZ EVF UP UIF TDBUUFSJOH FWFOU� *G g = 0

UIF TDBUUFSJOH JT JTPUSPQJD
 BOE JG g = 1
 TDBUUFSJOH PDDVST POMZ JO UIF GPSXBSE EJSFDUJPO
	J�F�
 UIFSF JT OP TDBUUFSJOH
� 'PS CJPMPHJDBM UJTTVFT g ∼ 0.7−0.9� ɨF SFEVDFE TDBUUFSJOH
DPFċDJFOU JT FYQSFTTFE CZ DPNCJOJOH µT BOE g �

µ′
T =µT(1− g ) 	ñ�ò


ɨF JOWFSTF PG UIF SFEVDFE TDBUUFSJOH DPFċDJFOU JT DBMMFE UIF USBOTQPSU NFBO GSFF QBUI

BOE JT UIF BWFSBHF EJTUBODF B QIPUPO DBO QSPQBHBUF JO B UJTTVF CFGPSF JUT QSPQBHBUJPO
EJSFDUJPO JT SBOEPNJ[FE� ɨF SFEVDFE TDBUUFSJOH DPFċDJFOU EFDSFBTFT GPS MPOHFS XBWF�
MFOHUI BOE JUT XBWFMFOHUI EFQFOEFODF DBO CF XSJUUFO <ðð>�

µ′
T = aT

( λ

λ0

)−bT
	ñ�ó


XIFSF λ0 JT B SFGFSFODF XBWFMFOHUI
 aT JT µ′
T BU λ0
 BOE bT JT DBMMFE UIF TDBUUFSJOH QPXFS�

ɨF SFEVDFE TDBUUFSJOH DPFċDJFOU JT QMPUUFE GPS CSFBTU BOE NVTDMF UJTTVF JO 'JHVSF ñ�ó
CBTFE PO &RVBUJPO 	ñ�ó
 BOE BWFSBHF WBMVFT PG aT BOE bT HJWFO CZ +BDRVFT <ðð>� *U
DBO CF TFFO UIBU UIF SFEVDFE TDBUUFSJOH DPFċDJFOU JT UZQJDBMMZ ∼ 10 DN−1� 1IPUPOT

ðï



UIFSFGPSF QSPQBHBUF ∼ 1 NN CFGPSF UIFJS QBUI CFDPNFT SBOEPNJ[FE
 BOE UIJT JT UIFSF�
GPSF UZQJDBMMZ UIF MJNJU GPS DPOWFOUJPOBM PQUJDBM JNBHJOH UFDIOJRVFT� 5JTTVFT XJUI B
IJHIFS BNPVOU PG GBU
 TVDI BT CSFBTU UJTTVF
 BSF HFOFSBMMZ FYQFDUFE UP CF NPSF TUSPOHMZ
TDBUUFSJOH DPNQBSFE UP
 GPS FYBNQMF
 NVTDMF UJTTVF� 7BSJBUJPOT JO UJTTVF TDBUUFSJOH DBO
CF JOEJDBUJWF UJTTVF IFBMUI TUBUVT� ɨF 605 UFDIOJRVF JOWFTUJHBUFE JO UIF QSFTFOUFE
UIFTJT XPSL DBO JNBHF EJĊFSFODFT JO PQUJDBM TDBUUFSJOH <ðõ>�
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)LJXUH ���� 5HGXFHG VFDWWHULQJ FRHIýFLHQW RI EUHDVW DQG PXVFOH WLVVXH SORWWHG XVLQJ (TXDWLRQ ����� EDVHG RQ
DYHUDJHG SDUDPHWHUV JLYHQ E\ -DFTXHV >��@�

ñ�ò 4QFDLMF

"T QIPUPOT QSPQBHBUF PWFS NBOZ EJĊFSFOU QBUIT UISPVHI UJTTVF
 NVMUJQMF XBWF JOUFS�
GFSFODF DBVTFT B TQFDLMF QBUUFSO PG CSJHIU BOE EBSL TQPUT UP CF GPSNFE
 BT TIPXO JO
'JHVSF ñ�ô� 'PS UIJDL UJTTVF TBNQMFT
 UIF TQFDLMFT BSF FYQFDUFE UP CF VODPSSFMBUFE XJUI
SBOEPN QIBTFT BOE BSF EF�QPMBSJ[FE� ɨF TJ[F PG UIFTF TQFDLMFT PO UIF UJTTVF TVSGBDF
JT PG UIF PSEFS PG UIF PQUJDBM XBWFMFOHUI BTTVNJOH UIBU UIF OVNFSJDBM BQFSUVSF PG UIF
TQFDLMF HSBJO JO UIF PVUQVU QMBOF JT POF� ɨF TNBMMFTU QPTTJCMF TQFDLMF TJ[F UIBU DBO
CF JNBHFE PO B DBNFSB JT UIFO JOWFSTFMZ QSPQPSUJPOBM UP UIF OVNFSJDBM BQFSUVSF PG UIF
EFUFDUJPO TFU�VQ� -JWJOH UJTTVFT BSF EZOBNJD
 BOE UIF TDBUUFSJOH QBSUJDMFT XJMM NPWF
XJUI UJNF EVF UP QIZTJPMPHJDBM NPUJPO TVDI BT CMPPE nPX� ɨJT DBVTFT UIF TQFDLMF
QBUUFSO UP NPWF
 UIBU JT
 JU EFDPSSFMBUFT� ɨJT EFDPSSFMBUJPO UZQJDBMMZ UBLFT QMBDF PO
UJNF TDBMFT PG ∼ 0.1−1 NT JO IVNBO UJTTVF <ðö>
 BOE EFDSFBTFT GPS UIJDLFS UJTTVFT EVF
UP UIF JODSFBTFE OVNCFS PG TDBUUFSJOH FWFOUT� ɨJT IBT CFFO EFNPOTUSBUFE JO WJWP JO
UIF NPVTF CSBJO CZ 2VSFTIJ FU BM� <ð÷>�

ðð



)LJXUH ���� 7KHRUHWLFDO VSHFNOH SDWWHUQ IRUPHG GXH WR PXOWLSOH ZDYH LQWHUIHUHQFH� FDOFXODWHG XVLQJ WKH DOJR�
ULWKP SUHVHQWHG E\ 'XQFDQ HW DO� >��@�

ɨF NPUJPO PG TDBUUFSJOH QBSUJDMFT DBO CF RVBOUJmFE CZ BOBMZTJOH UIF UFNQPSBM BOE
TQBUJBM TUBUJTUJDT PG TQFDLMF QBUUFSOT� ɨJT JT EPOF JO MBTFS TQFDLMF DPOUSBTU JNBHJOH UP
JNBHF CMPPE nPX <ñï>� ɨFNPUJPO JT
 IPXFWFS
 B QSPCMFN JONBOZ VMUSBTPVOE PQUJDBM
UPNPHSBQIZ NFUIPET
 BT B TJOHMF BDPVTUP�PQUJD TJHOBM IBT UP CF BDRVJSFE XJUIJO UIF
DPSSFMBUJPO UJNF
 BT XJMM CF GVSUIFS EJTDVTTFE JO $IBQUFS ó�

ðñ



$IBQUFS ò

3BSF�FBSUI�JPO�EPQFE DSZTUBMT

ɨF SBSF�FBSUI FMFNFOUT BSF TDBOEJVN
 ZUUSJVN BOE UIF 15 MBOUIBOJEFT JODMVEFE JO
'JHVSF ò�ð� 4FWFSBM PG UIF SBSF�FBSUI FMFNFOUT XFSF EJTDPWFSFE JO BOE BSF OBNFE BG�
UFS UIF 4XFEJTI NJOJOH WJMMBHF :UUFSCZ� ɨFJS BCVOEBODF JO UIF &BSUI�T DSVTU WBSJFT

CVU UIFZ BSF OPU OFDFTTBSJMZ BT SBSF BT UIFJS OBNF NBZ TVHHFTU� $FSJVN
 GPS FYBN�
QMF
 JT BSPVOE UIF 25UI NPTU BCVOEBOU FMFNFOU <ñð>� 1SPNFUIJVN PO UIF PUIFS IBOE
JT SBEJPBDUJWF
 BOE UIFSFGPSF EPFT OPU PDDVS OBUVSBMMZ� 3BSF�FBSUI FMFNFOUT BSF VTFE
GPS B XJEF SBOHF PG JNQPSUBOU BQQMJDBUJPOT JO UPEBZ�T TPDJFUZ� &SCJVN�EPQFE BNQMJ�
mFST FOBCMF MPOH�SBOHF PQUJDBM mCSF DPNNVOJDBUJPO
 BOE UIVT UIF NPEFSO JOUFSOFU�
3BSF�FBSUI FMFNFOUT BSF BMTP VTFE JO FMFDUSPOJD DPNQPOFOUT
 MBTFST
 NBHOFUT
 NFEJDBM
EFWJDFT
 nVPSFTDFOU MBNQT
 FUD�

)LJXUH ���� 7KH UDUH�HDUWK HOHPHQWV DQG WKHLU SRVLWLRQ LQ WKH SHULRGLF WDEOH� 7KH SKRWRJUDSK VKRZV DQ /D)3
FU\VWDO GRSHG ZLWK WKXOLXP� 7KH ýJXUH ZDV LQVSLUHG E\ 5HI� >��@�

*OPSHBOJD DSZTUBMT EPQFE XJUI SBSF�FBSUI FMFNFOUT PĊFS VOJRVF QSPQFSUJFT XIFO DPPMFE
UP < 5 ,
 TVDI BT FYUSFNFMZ OBSSPX PQUJDBM USBOTJUJPO MJOFXJEUIT BOE WFSZ MPOH MJGF�
UJNFT PG IZQFSmOF TUBUFT� 4VDINBUFSJBMT
 BSF DVSSFOUMZ CFJOH JOWFTUJHBUFE GPS RVBOUVN

ðò



JOGPSNBUJPO BOE RVBOUVN DPNNVOJDBUJPO BQQMJDBUJPOT <ñò>
 MBTFS GSFRVFODZ TUBCJMJ[B�
UJPO <ñó
 ñô>
 3' TQFDUSVN BOBMZTJT <ñõ>
 BOE 605 <ø
 ñöoñø>
 UIF NFEJDBM JNBHJOH
UFDIOJRVF UIBU JT UIF UPQJD PG UIJT UIFTJT�

ɨJT DIBQUFS HJWFT B CSJFG PWFSWJFX PG SBSF�FBSUI�JPO�EPQFE DSZTUBMT
 BOE QSFTFOUT UIF
QIFOPNFOB PCTFSWFE JO UIFTF NBUFSJBMT UIBU BSF JNQPSUBOU GPS UIF 605 UFDIOJRVF�
ɨJT JODMVEFT TQFDUSBM IPMF CVSOJOH BOE TMPX MJHIU
 XIJDI BSF JNQPSUBOU DPODFQUT GPS
EFUFDUJOH UIF 605 TJHOBM JO UIF QSFTFOU XPSL� .VMUJ�QIPOPO SFMBYBUJPO JT BMTP CSJFnZ
EJTDVTTFE
 BT JU JT SFMFWBOU GPS UIF TUVEJFT PG 605 mMUFS DSZTUBMT XJUI MPX NBYJNVN
QIPOPO FOFSHJFT QSFTFOUFE JO $IBQUFS ô� 'VSUIFS EFUBJMT PO UIF TQFDUSPTDPQJD QSPQ�
FSUJFT PG SBSF�FBSUI�JPO�EPQFE DSZTUBMT DBO CF GPVOE
 GPS FYBNQMF
 JO 3FG� <òï>�

ò�ð &OFSHZ MFWFM TUSVDUVSF

3BSF�FBSUI FMFNFOUT PGUFO PDDVQZ USJQMZ JPOJ[FE DIBSHF TUBUFT XIFO EPQFE JOUP DSZT�
UBMMJOF IPTUT� ɨF FMFDUSPO DPOmHVSBUJPO PG NPTU MBOUIBOJEFT JT UIFO <9F>4GN 
 XIFSF
N JT UIF OVNCFS PG WBMFODF FMFDUSPOT� ɨF USBOTJUJPOT SFMFWBOU JO UIF XPSL QSFTFOUFE
JO UIJT UIFTJT PDDVS CFUXFFO TUBUFT XJUIJO UIF 4G TIFMM� ɨF DPNQMFUFMZ mMMFE 5T BOE
5Q TIFMMT FYUFOE TQBUJBMMZ GVSUIFS PVU UIBO UIF 4G TIFMM
 TIJFMEJOH UIF 4G FMFDUSPOT GSPN
FOWJSPONFOUBM QFSUVSCBUJPOT� ɨFJS FOFSHZ MFWFMT UIFSFGPSF SFNBJO WFSZ TJNJMBS UP UIF
GSFF JPO FOFSHZ MFWFMT� "MUIPVHI 4G�4G USBOTJUJPOT BSF GPSCJEEFO JO UIF GSFF JPO 	TJODF
UIF QBSJUZ PG UIF TUBUF JT VODIBOHFE

 UIF TNBMM QFSUVSCBUJPOT DBVTFE CZ UIF DSZTUBM
mFME EJTUPSUT UIF JOWFSTJPO TZNNFUSZ
 NBLJOH UIFTF USBOTJUJPOT XFBLMZ BMMPXFE�

'JHVSF ò�ñ TIPXT UIF HFOFSBM FOFSHZ MFWFM TUSVDUVSF PG SBSF�FBSUI�JPO�EPQFE DSZTUBMT�
$PVMPNCJD JOUFSBDUJPOT TQMJU UIF 4GN DPOmHVSBUJPO JOUP UFSNT MBCFMMFE 2S+1L� &BDI
UFSN JT GVSUIFS TQMJU CZ UIF TQJO�PSCJU JOUFSBDUJPO JOUP MFWFMT MBCFMMFE 2S+1L J � L
 S
 BOE
J BSF UIF UPUBM PSCJUBM BOHVMBS NPNFOUVN
 UIF UPUBM TQJO BOHVMBS NPNFOUVN
 BOE UIF
UPUBM BOHVMBS NPNFOUVN
 SFTQFDUJWFMZ� ɨF FMFDUSJD mFME PG UIF IPTU DSZTUBM TQMJUT FBDI
MFWFM JOUP B NBYJNVN PG 2J +1 DSZTUBM mFME MFWFMT� 'PS JPOT XJUI BO PEE OVNCFS PG
FMFDUSPOT BOE UIVT IBMG�JOUFHFS TQJO S
 TP�DBMMFE ,SBNFST JPOT
 UIF DSZTUBM mFME MFWFMT
SFNBJO BU MFBTU EPVCMZ EFHFOFSBUF� 'PS JPOT XJUI BO FWFO OVNCFS PG FMFDUSPOT
 UIF
EFHFOFSBDZ DBO CF DPNQMFUFMZ MJGUFE� ɨF DSZTUBM mFME MFWFMT DBO CF GVSUIFS TQMJU CZ BE�
EJUJPOBM JOUFSBDUJPOT
 TVDI BT IZQFSmOF
 OVDMFBS RVBESVQPMF PS ;FFNBO JOUFSBDUJPOT�
'PS UIF BQQMJDBUJPOT SFMFWBOU GPS UIF QSFTFOUFE UIFTJT XPSL
 JU JT USBOTJUJPOT CFUXFFO
UIF MPXFTU FOFSHZ DSZTUBM mFME MFWFM JO UIF HSPVOE TUBUF UP UIF MPXFTU FOFSHZ DSZTUBM
mFME MFWFM JO BO FYDJUFE TUBUF UIBU EJTQMBZ UIF EFTJSFE QSPQFSUJFT TVDI BT OBSSPX USBOTJ�
UJPO MJOFXJEUIT� ɨFTF BSF UIF TP DBMMFE MPXFTU�UP�MPXFTU USBOTJUJPOT� 6OMFTT PUIFSXJTF
TUBUFE
 JU JT VOEFSTUPPE UIBU JU JT UIFTF USBOTJUJPOT UIBU BSF CFJOH SFGFSSFE UP� 'SFRVFODZ
TQMJUUJOHT BOE QPQVMBUJPO SFEJTUSJCVUJPO BNPOH IZQFSmOF MFWFMT XJMM CFDPNF SFMFWBOU

ðó



DPODFQUT JO TVCTFRVFOU DIBQUFST�

4fn
Configuration Crystal field Hyperfine, etc.Term Level

2S+1L 2S+1LJ

)LJXUH ���� *HQHUDO HQHUJ\ OHYHO VWUXFWXUH RI UDUH�HDUWK�LRQ�GRSHG LQRUJDQLF FU\VWDOV� 7KH LQWHUDFWLRQ VWUHQJWK
GHFUHDVHV ZKHQ JRLQJ IURP OHIW WR ULJKW LQ WKH ýJXUH�

ò�ñ 5SBOTJUJPO MJOFXJEUI

" UXP�MFWFM USBOTJUJPO IBT BO BTTPDJBUFE GSFRVFODZ XJEUI PWFS XIJDI JU BCTPSCT BOE
FNJUT SBEJBUJPO� 'PS B TJOHMF SBSF�FBSUI EPQBOU JO B DSZTUBM
 UIJT GSFRVFODZ XJEUI

DBMMFE UIF IPNPHFOFPVT MJOFXJEUI ΓI
 DBO CF FYUSFNFMZ OBSSPX� -JOFXJEUIT EPXO UP
∼ 100 )[ IBWF CFFO NFBTVSFE JO &S3+�:24J05 BOE &V3+�:24J05 <òð
 òñ>
 XIJDI BSF
UIF NPTU OBSSPX PQUJDBM MJOFXJEUIT NFBTVSFE JO TPMJET� ɨF IPNPHFOFPVT USBOTJUJPO
MJOFXJEUI DBO CF XSJUUFO�

ΓI =
1

πT2
= 1

2πT1
+ΓPUIFS 	ò�ð


XIFSF T2 JT UIF DPIFSFODF UJNF
 BOE T1 JT UIF SBEJBUJWF MJGFUJNF PG UIF FYDJUFE TUBUF�
T1 UIVT VMUJNBUFMZ MJNJUT UIF MJOFXJEUI� ɨF MPOH FYDJUFE TUBUF MJGFUJNFT PCTFSWFE JO
SBSF�FBSUI�EPQFE NBUFSJBMT 	VQ UP TFWFSBM NT

 DPSSFTQPOE UP WFSZ OBSSPX T1�MJNJUFE
MJOFXJEUIT� )PXFWFS
 FWFO BU DSZPHFOJD UFNQFSBUVSFT
 UIF MJGFUJNF MJNJU JT TFMEPN
GVMMZ NFU
 EVF UP PUIFS NFDIBOJTNT DBVTJOH MJOFXJEUI CSPBEFOJOH
 XIJDI JO &RVB�
UJPO 	ò�ð
 BSF FODBQTVMBUFE JO ΓPUIFS� &YBNQMFT PG CSPBEFOJOH NFDIBOJTNT BSF QIPOPO
BCTPSQUJPO
 FNJTTJPO
 BOE TDBUUFSJOH
 BOE TQJO nJQT
 FUD�

ò�ñ�ð *OIPNPHFOFPVT CSPBEFOJOH

*O B EPQFE DSZTUBM
 UIF SBSF�FBSUI�JPOT SBOEPNMZ SFQMBDF IPTU JPOT JO UIF DSZTUBM MBUUJDF�
ɨF JPOJD SBEJVT PG UIF SBSF�FBSUI�JPOT XJMM OPU FYBDUMZ NBUDI UIBU PG UIF IPTU JPOT UIFZ

ðô



SFQMBDF
 XIJDI DBVTFT MPDBM EJTUPSUJPO PG UIF DSZTUBM MBUUJDF
 BOE UIF EPQBOU JPOT FYQF�
SJFODF TMJHIUMZ EJĊFSFOU TVSSPVOEJOH FMFDUSJD mFMET� "U DSZPHFOJD UFNQFSBUVSFT
 UIF SF�
TVMUJOH 4UBSL TIJGUT JO UIF USBOTJUJPO GSFRVFODJFT DBO CF PSEFST PG NBHOJUVEF MBSHFS UIBO
UIF IPNPHFOFPVT MJOFXJEUI PG B TJOHMF JPO� ɨJT HJWFT SJTF UP JOIPNPHFOFPVTMZ CSPBE�
FOFE USBOTJUJPOT
 BT TIPXO JO 'JHVSF ò�ò� ɨF JOIPNPHFOFPVT MJOFXJEUI
 ΓJI
 UZQJDBMMZ
SBOHFT GSPN ∼ 1 ()[ VQ UP ∼ 100 ()[ EFQFOEJOH PO UIF SBSF�FBSUI�JPO�EPQFE NB�
UFSJBM� ɨF QFBL BCTPSQUJPO DPFċDJFOU JT EFOPUFE α0
 XIJDI WBSJFT XJEFMZ CFUXFFO
SBSF�FBSUI�JPO�EPQFE NBUFSJBMT BOE USBOTJUJPOT
 BOE EFQFOET PO UIF SBSF�FBSUI EPQJOH
DPODFOUSBUJPO� ɨF BCTPSQUJPO DPFċDJFOU VTVBMMZ JODSFBTFT MJOFBSMZ XJUI EPQJOH DPO�
DFOUSBUJPO UP B DFSUBJO MFWFM XIFSF JU TBUVSBUFT
 BOE FWFOUVBMMZ B QPJOU JT SFBDIFE XIFSF
BEEJOH NPSF PG UIF SBSF�FBSUI�EPQBOU POMZ JODSFBTFT UIF JOIPNPHFOFPVT MJOFXJEUI�
"O FYBNQMF PG B SBSF�FBSUI�JPO�EPQFE DSZTUBM XJUI IJHI BCTPSQUJPO JT 171:C3+�:70ó

JO XIJDI B USBOTJUJPO XJUI α0 = 450 DN−1 IBT CFFO NFBTVSFE GPS B EPQJOH DPODFO�
USBUJPO PG 100 QQN <òò>�
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)LJXUH ���� $W FU\RJHQLF WHPSHUDWXUHV WKH UDUH�HDUWK RSWLFDO WUDQVLWLRQV DUH LQKRPRJHQHRXRVO\ EURDGHQHG
ZLWK OLQHZLGWK ΓJI� 7KH KRPRJHQHRXV OLQHZLGWK ΓI FDQ EH RUGHUV RI PDJQLWXGH QDUURZHU� 7KH
SHDN DEVRUSWLRQ FRHIýFLHQW LV GHQRWHG α0�

ò�ò 4QFDUSBM IPMF CVSOJOH

ɨF JOIPNPHFOFPVTMZ CSPBEFOFE USBOTJUJPOT BMMPX PQUJDBM QVNQJOH PG B OBSSPX GSF�
RVFODZ SBOHF PG UIF BCTPSQUJPO QSPmMF� $POTJEFS B UISFF�MFWFM TZTUFN DPOTJTUJOH PG B
HSPVOE
 FYDJUFE
 BOE NFUBTUBCMF TUBUF
 BT TIPXO JO 'JHVSF ò�ó	B
� ɨF MJGFUJNF PG UIF
NFUBTUBCMF TUBUF JT NVDI MPOHFS UIBO UIF MJGFUJNF PG UIF FYDJUFE TUBUF� *OJUJBMMZ
 BMM JPOT
PDDVQZ UIF HSPVOE TUBUF� 8IFO B SBSF�FBSUI�JPO�EPQFE NBUFSJBM JT JSSBEJBUFE XJUI
OBSSPX�MJOFXJEUI MBTFS MJHIU XJUI GSFRVFODZ f0
 JPOT XJUIJO B OBSSPX GSFRVFODZ CBOE
PG UIF JOIPNPHFOFPVT BCTPSQUJPO QSPmMF
 XJMM CF USBOTGFSSFE UP UIF FYDJUFE TUBUF� ɨJT

ðõ



SFTVMUT JO B EFDSFBTF JO UIF BCTPSQUJPO BU UIF MBTFS GSFRVFODZ
 DBMMFE B TQFDUSBM IPMF
 BT
TIPXO JO 'JHVSF ò�ó	C
� ɨF NJOJNVN TQFDUSBM IPMF XJEUI JT MJNJUFE CZ UIF IPNP�
HFOFPVT MJOFXJEUI PG UIF SBSF�FBSUI JPO� 0O UJNFTDBMFT TIPSUFS UIBO UIF FYDJUFE TUBUF
MJGFUJNF
 UIF TQFDUSBM IPMF JT UIF SFTVMU PG QPQVMBUJPO TUPSBHF JO UIF FYDJUFE TUBUF� *O
UIF DVSSFOU FYBNQMF
 UIF QPQVMBUJPO EFDBZT GSPN UIF FYDJUFE TUBUF JOUP UIF MPOH�MJWFE
NFUBTUBCMF TUBUF� &WFOUVBMMZ
 BMM JPOT NBZ CF USBOTGFSSFE JOUP UIF NFUBTUBCMF TUBUF

BOE UIF TQFDUSBM IPMF JT EVF UP QPQVMBUJPO TUPSBHF JO UIF NFUBTUBCMF TUBUF� 4QFDUSBM
IPMF MJGFUJNFT WBSZ CZ TFWFSBM PSEFST PG NBHOJUVEF
 EFQFOEJOH PG UIF OBUVSF PG UIF
NFUBTUBCMF TUBUF� *O &V3+�:24J05
 BO JNQSFTTJWF TQFDUSBM IPMF MJGFUJNF PG ∼ 1 NPOUI
IBT CFFO NFBTVSFE EVF UP QPQVMBUJPO TUPSBHF JO UIF IZQFSmOF MFWFMT JO UIF HSPVOE
TUBUF <òó
 òô>�
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)LJXUH ���� 3ULQFLSOH RI VSHFWUDO KROH EXUQLQJ LQ D WKUHH OHYHO V\VWHP ZLWK D JURXQG� H[FLWHG� DQG PHWDVWDEOH
VWDWH� �D� 2QO\ LRQV DW IUHTXHQF\ f0 DUH FRQVLGHUHG� �L� ,QLWLDOO\� WKH LRQV DEVRUELQJ DW f0 SRSXODWH WKH
JURXQG VWDWH� �LL� $SSO\LQJ D ODVHU ýHOG RI IUHTXHQF\ f0 WUDQVIHUV LRQV WR WKH H[FLWHG VWDWH� �LLL� )URP
WKH H[FLWHG VWDWH WKH LRQV FDQ GHFD\ WR DQG EH VWRUHG LQ WKH ORQJ�OLYHGPHWDVWDEOH VWDWH� 7KLV SURFHVV
JHQHUDWHV D GLS LQ WKH LQKRPRJHQHRXV DEVRUSWLRQ SURýOH RI WKH PDWHULDO DW WKH ODVHU IUHTXHQF\ f0�
FDOOHG D VSHFWUDO KROH DV VKRZQ LQ �E��

ò�ò�ð )ZQFSmOF IPMF CVSOJOH

'PS TZTUFNT XJUI UXP PS NPSF DMPTFMZ MZJOH HSPVOE BOE�PS FYDJUFE TUBUFT
 NPSF DPN�
QMFY QBUUFSOT PG TQFDUSBM IPMFT DBO CF PCTFSWFE� 'PS FYBNQMF
 DPOTJEFS B TZTUFN XJUI
UXP HSPVOE TUBUFT BOE UXP FYDJUFE TUBUFT BT TIPXO JO 'JHVSF ò�ô� ɨF TQMJUUJOH PG UIF
HSPVOE 	∆H
 BOE FYDJUFE TUBUFT 	∆F
 BSF NVDI TNBMMFS UIBO CPUI UIF JOIPNPHFOFPVT
CSPBEFOJOH BOE UIF UIFSNBM FOFSHZ
 k#T 
 XIFSF k# JT UIF #PMU[NBOO DPOTUBOU BOE
T UIF BCTPMVUF UFNQFSBUVSF� ɨF HSPVOE TUBUFT BSF UIFSFGPSF FRVBMMZ QPQVMBUFE JO UIF
BCTFODF PG FYUFSOBM JOnVFODF� *G B MBTFS mFME XJUI GSFRVFODZ f0 JT BQQMJFE
 JU XJMM CF
TJNVMUBOFPVTMZ SFTPOBOU XJUI BMM GPVS USBOTJUJPO
 JO GPVS EJĊFSFOU TP�DBMMFE DMBTTFT PG

ðö



JPOT
 EVF UP UIF JOIPNPHFOFPVT CSPBEFOJOH� 'PS FBDI DMBTT PG JPOT UIF MBTFS mFME XJMM
FNQUZ UIF HSPVOE TUBUF GSPN XIJDI JU JT SFTPOBOU
 WJB UIF FYDJUFE TUBUF
 USBOTGFSSJOH
UIF JPOT UP UIF PUIFS HSPVOE TUBUF
 BT TIPXO JO 'JHVSF ò�ô	B
� ɨF EFDSFBTF JO BCTPSQ�
UJPO BU UIF PSJHJOBM MBTFS GSFRVFODZ f0 JT UIF NBJO TQFDUSBM IPMF� )PXFWFS
 UIFSF JT
BMTP MFTT BCTPSQUJPO BU USBOTJUJPO GSFRVFODJFT PG f0 ±∆F 	JOEJDBUFE CZ HSFFO BSSPXT JO
'JHVSF ò�ô	B


 SFTVMUJOH JO UIF BQQFBSBODF PG TP�DBMMFE TJEF IPMFT� 4JNJMBSMZ
 UIF SFEJT�
USJCVUJPO PG QPQVMBUJPO SFTVMUT JO BO JODSFBTF JO BCTPSQUJPO BU USBOTJUJPO GSFRVFODJFT
f0±∆H
 f0±(∆F+∆H)
 BOE f0±(∆F−∆H)
 	JOEJDBUFE CZ CMVF BSSPXT JO 'JHVSF ò�ô	B



XIJDI BSF DBMMFE BOUJIPMFT� 4QFDUSBM IPMF CVSOJOH DBO CF B QPXFSGVM TQFDUSPTDPQJD UPPM
GPS NFBTVSJOH UIF TQMJUUJOH PG UIF FYDJUFE BOE HSPVOE TUBUFT
 TJODF UIF GSFRVFODZ QPTJ�
UJPOT PG UIF TJEF IPMF BOE BOUJIPMF EFQFOE PO UIF TQMJUUJOH PG UIF HSPVOE BOE FYDJUFE
TUBUFT�

)LJXUH ���� �D� 7KH ODVHU DW IUHTXHQF\ f0 LV VLPXOWDQHRXVO\ UHVRQDQW ZLWK IRXU WUDQVLWLRQV� RQH LQ HDFK RI WKH
IRXU FODVVHV RI LRQV� GXH WR WKH LQKRPRJHQHRXVO\ EURDGHQHG DEVRUSWLRQ SURýOH� 7KH UHGLVWULEXWLRQ
RI LRQV EHWZHHQ WKH JURXQG VWDWHV GXH WR WKH DSSOLHG ODVHU ýHOG UHVXOWV LQ D PDLQ VSHFWUDO KROH DW
f0� VLGH KROHV DW WUDQVLWLRQV LQGLFDWHG E\ WKH JUHHQ DUURZV� DQG DQWLKROHV DW WUDQVLWLRQV LQGLFDWHG E\
WKH EOXH DUURZV� �E� 7\SLFDO VSHFWUDO KROH SDWWHUQ ZLWK VLGH KROHV DQG DQWLKROHV RQ HLWKHU VLGH RI
WKH PDLQ KROH�

ò�ó 4MPX MJHIU

ɨF TQFFE PG MJHIU JO WBDVVN
 c
 JT UIF VMUJNBUF MJNJU PO BOZ JOGPSNBUJPO�DBSSZJOH
TJHOBM
 BOE IBT CFFO EFmOFE TJODF 1983 BT FYBDUMZ 299 792 458 N�T� 'SPN B IVNBO
QFSTQFDUJWF
 UIJT JT BO BMNPTU JODPNQSFIFOTJCMF TQFFE
 BOE MJHIU DPVME
 GPS FYBNQMF

USBWFM TFWFO UJNFT BSPVOE UIF &BSUI JO TMJHIUMZ MFTT UIBO POF TFDPOE� ɨFSF BSF
 IPX�
FWFS
 XBZT PG TJHOJmDBOUMZ SFEVDJOH UIF TQFFE PG MJHIU
 JO PSEFS UP PCUBJO TP�DBMMFE

ð÷



TMPX MJHIU
 CZ DSFBUJOH TQFDUSBM SFHJPOT XJUI WFSZ IJHI EJTQFSTJPO� ɨJT JT QPTTJCMF
 GPS
FYBNQMF
 VTJOH TQFDUSBM IPMF CVSOJOH JO DSZTUBMT
 #PTF�&JOTUFJO DPOEFOTBUFT <òõ>
 PS
IPU BUPNJD HBTFT <òö>� 1PUFOUJBM BQQMJDBUJPOT GPS TMPX MJHIU JODMVEF UFMFDPNNVOJDB�
UJPOT <ò÷>
 MBTFS GSFRVFODZ TUBCJMJ[BUJPO <ñó>
 BOE NFEJDBM JNBHJOH XJUI 605 <ø>�

" NPOPDISPNBUJD FMFDUSPNBHOFUJD mFME QSPQBHBUJOH UISPVHI B NBUFSJBM XJUI SFGSBD�
UJWF JOEFY n
 JOUFSBDUT XJUI UIF BUPNT JO UIF NBUFSJBM
 DBVTJOH UIF FMFDUSPOT BSPVOE
UIF OVDMFJ UP PTDJMMBUF
 BOE UIFTF JO UVSO XJMM SBEJBUF UIFJS PXO FMFDUSPNBHOFUJD mFMET�
ɨF UPUBM DPOUSJCVUJPO GSPN BMM FMFDUSPOT JT B mFME XJUI MPXFS BNQMJUVEF UIBU MBHT CF�
IJOE UIF JODPNJOH FMFDUSPNBHOFUJD mFME� ɨF UPUBM FMFDUSPNBHOFUJD mFME QSPQBHBUJOH
UISPVHI UIF NBUFSJBM XJMM CF UIF TVN PG UIF JODPNJOH BOE FMFDUSPO�JOEVDFE mFMET BOE
JU EPFT TP BU B TQFFE vQ = c/n
 DBMMFE UIF QIBTF WFMPDJUZ�

)PXFWFS
 FMFDUSPNBHOFUJD SBEJBUJPO JT OFWFS USVMZ NPOPDISPNBUJD
 CVU DPOUBJOT B
SBOHF PG EJĊFSFOU GSFRVFODZ DPNQPOFOUT� $POTJEFS BO PQUJDBM QVMTF BT TIPXO JO
'JHVSF ò�õ� ɨF NBYJNVN BNQMJUVEF PG UIF QVMTF PDDVST BU UIF QPTJUJPO XIFSF UIF
GSFRVFODZ DPNQPOFOUT UIBU NBLF VQ UIF QVMTF NBYJNBMMZ DPOTUSVDUJWFMZ JOUFSGFSFT� *G
UIF NFEJVN UISPVHI XIJDI UIF PQUJDBM QVMTF JT QSPQBHBUJOH JT BCTPSQUJWF
 JU NVTU BMTP
IBWF B GSFRVFODZ�EFQFOEFOU SFGSBDUJWF JOEFY� ɨJT JT OFDFTTBSZ CFDBVTF UIF BCTPSQUJPO
PG GSFRVFODZ DPNQPOFOUT PG B QVMTF NVTU JOWPMWF QIBTF DIBOHFT PG PUIFS DPNQPOFOUT
UP OPU DPOUSBEJDU DBVTBMJUZ <òø>�

v�

vp,a

vp,b

vp,c

 Position

 �
�
��
���
	


)LJXUH ���� $ SXOVH DQG WKUHH RI LWV IUHTXHQF\ FRPSRQHQWV� ,Q WKH FDVH RI D IUHTXHQF\�GHSHQGHQW UHIUDFWLYH
LQGH[� WKH GLIIHUHQW FRPSRQHQWV ZLOO SURSDJDWH DW GLIIHUHQW SKDVH YHORFLWLHV vQ
B� vQ
C� DQG vQ
D�
+RZHYHU� WKH SXOVH SURSDJDWHV DW WKH JURXS YHORFLW\ vH� ZKLFK PD\ EH GLIIHUHQW IURP WKH SKDVH
YHORFLWLHV�

%VF UP UIF GSFRVFODZ�EFQFOEFOU SFGSBDUJWF JOEFY
 UIF JOEJWJEVBM GSFRVFODZ DPNQP�
OFOUT PG UIF QVMTF XJMM QSPQBHBUF BU EJĊFSFOU QIBTF WFMPDJUJFT
 XIJDI NBZ BMM CF DMPTF
UP c� )PXFWFS
 UIF TVN PG UIF GSFRVFODZ DPNQPOFOUT
 XIJDI JT UIF BDUVBM QVMTF
 DBO
QSPQBHBUF BU B TJHOJmDBOUMZ EJĊFSFOU TQFFE� ɨF HSPVQ WFMPDJUZ JT UIF TQFFE PG UIF

ðø



NBYJNVN PG UIF FOWFMPQF PG UIF QVMTF
 BOE JT HJWFO CZ�

vH =
c

n +ω∂n
∂ω

	ò�ñ


XIFSF ω JT UIF BOHVMBS GSFRVFODZ� 'PS B WJTJCMF PQUJDBM QVMTF QSPQBHBUJOH UISPVHI B
QJFDF PG OPSNBM HMBTT
 XIJDI IBT JUT BCTPSQUJPO JO UIF VMUSBWJPMFU XBWFMFOHUI SBOHF

UIF UFSN ω∂n

∂ω JT OFHMJHJCMF
 BOE UIF QVMTF XJMM USBWFM BU B TQFFE WFSZ DMPTF UP c/n� 'PS
BO PQUJDBM QVMTF QSPQBHBUJOH JOTJEF B TQFDUSBM IPMF
 JU JT QPTTJCMF UP IBWF BMNPTU [FSP
BCTPSQUJPO BU UIF GSFRVFODZ PG UIF TQFDUSBM IPMF
 BOE IJHI BCTPSQUJPO MFTT UIBO B .)[
BXBZ� ɨF,SBNFST�,SPOJH SFMBUJPOT DBO CF VTFE UP DBMDVMBUF UIF GSFRVFODZ�EFQFOEFOU
SFGSBDUJWF JOEFY BDSPTT TVDI B TQFDUSBM IPMF� "T JMMVTUSBUFE JO 'JHVSF ò�ö
 UIFSF XJMM CF
B SBQJE JODSFBTF JO UIF SFGSBDUJWF JOEFY XJUI GSFRVFODZ XJUIJO UIF QBTTCBOE PG UIF
TQFDUSBM IPMF� ɨF UFSN ω∂n

∂ω JO &RVBUJPO 	ò�ñ
 DBO UIFO CF WFSZ MBSHF
 BOE HSPVQ
WFMPDJUJFT TFWFSBM PSEFST PG NBHOJUVEF MPXFS UIBO c BSF QPTTJCMF� 'PS B TRVBSF�TIBQFE
TQFDUSBM IPMF XJUI XJEUI ΓIPMF
 UIF HSPVQ WFMPDJUZ DBO CF BQQSPYJNBUFE UP <ñó>�

vH =
π2ΓIPMF
αPVU

	ò�ò


XIFSF αPVU JT UIF BCTPSQUJPO DPFċDJFOU PVUTJEF UIF TQFDUSBM IPMF� "T XJMM CF TFFO JO
$IBQUFS ó
 UIJT TMPXJOH PG MJHIU EVF UP TUSPOH EJTQFSTJPO JOTJEF TQFDUSBM IPMFT DBO CF
VTFE GPS NFEJDBM JNBHJOH XJUI 605�

)LJXUH ���� $ VTXDUH�VKDSHG VSHFWUDO KROH �JUH\� DQG WKH UHDO SDUW RI WKH UHIUDFWLYH LQGH[ �UHG�� $ UDSLG LQ�
FUHDVH LQ UHIUDFWLYH LQGH[ ZLWK IUHTXHQF\ FDQ EH VHHQ ZLWKLQ WKH SDVVEDQG RI WKH VSHFWUDO KROH� 7KH
UHIUDFWLYH LQGH[ RI WKH KRVW FU\VWDO LV GHQRWHG n0�

ò�ô .VMUJ�QIPOPO SFMBYBUJPO JO SBSF�FBSUI�EPQFE DSZTUBMT

ɨF DPOTUJUVFOUT UIBU NBLF VQ B DSZTUBM
 GPS FYBNQMF
 JPOT
 BSF BSSBOHFE JO B IJHIMZ
TUSVDUVSFE UISFF�EJNFOTJPOBM QBUUFSO IFME UPHFUIFS CZ JOUFS�BUPNJD GPSDFT
 GPSNJOH B

ñï



DSZTUBM MBUUJDF� ɨF JPOT DBO WJCSBUF BSPVOE UIFJS FRVJMJCSJVN QPTJUJPOT
 HFOFSBUJOH
NFDIBOJDBM XBWFT JO UIF MBUUJDF� 1IPOPOT BSF RVBOUB PG TVDI DSZTUBM MBUUJDF WJCSBUJPO�
" DSZTUBM XJMM IBWF B DIBSBDUFSJTUJD QIPOPO TQFDUSVN
 BOE BNBYJNBMMZ BMMPXFE QIPOPO
GSFRVFODZ
 DBMMFE UIF QIPOPO DVU�PĊ GSFRVFODZ
 ω%� *O UIF %FCZF NPEFM PG QIPOPOT

UIF DVU�PĊ GSFRVFODZ JT FYQFDUFE UP CF <óï
 óð>�

ω% ∝ N 1/3
W

√
M
ρ

	ò�ó


XIFSF NW JT UIF OVNCFS PG JPOT QFS VOJU WPMVNF
 M JT UIF FMBTUJD NPEVMVT
 BOE ρ JT
UIF EFOTJUZ�

*O B SBSF�FBSUI�JPO�EPQFE DSZTUBM
 BO VQQFS 2S+1L J FOFSHZ MFWFM DBO EFDBZ UP B MPXFS
2S+1L J MFWFM CZ FNJUUJOH NVMUJQMF QIPOPOT UIBU DBSSZ BXBZ UIF FOFSHZ EJĊFSFODF CF�
UXFFO UXP MFWFMT� 1IPOPO SFMBYBUJPO SBUFT EFDSFBTF FYQPOFOUJBMMZ XJUI UIF OVNCFS
PG QIPOPOT SFRVJSFE UP CSJEHF UIF FOFSHZ HBQ
 EHBQ� (FOFSBMMZ
 JG EHBQ ! 5!ω%
 UIF
QIPOPO SFMBYBUJPO SBUF EPNJOBUFT PWFS UIF SBEJBUJWF SFMBYBUJPO SBUF <óñoóó>
 MFBEJOH UP
TIPSU MJGFUJNFT BOE CSPBE IPNPHFOFPVT MJOFXJEUIT
 TFF &RVBUJPO 	ò�ð
� "T UIF FOFSHZ
HBQ JODSFBTFT BCPWF ∼ 5!ω%
 UIF QIPOPO SFMBYBUJPO SBUF SBQJEMZ CFDPNFT OFHMJHJCMF�
ɨF SBSF�FBSUI USBOTJUJPOT UIBU BSF VTVBMMZ JOWFTUJHBUFE GPS TQFDUSBM IPMF CVSOJOH BQ�
QMJDBUJPOT UIFSFGPSF UZQJDBMMZ IBWF EHBQ > 5!ω%�

*G JU JT EFTJSBCMF UP VTF SBSF�FBSUI USBOTJUJPOT XJUI TNBMM FOFSHZ HBQT
 XIJMF NBJOUBJO�
JOH MPOH MJGFUJNFT
 UIF DIPJDF PG DSZTUBM IPTU NVTU CF DBSFGVMMZ DPOTJEFSFE� $IPPTJOH
B IPTU DSZTUBM XJUI B MPXFS QIPOPO DVU�PĊ GSFRVFODZ XPVME TVQQSFTT QIPOPO SFMBY�
BUJPO
 TJODF UIF SFMBYBUJPO QSPDFTT XPVME IBWF UP JOWPMWF B MBSHFS OVNCFS PG QIPOPOT
UP CSJEHF UIF HBQ
 XIJDI JT B QSPDFTT XJUI B MPXFS QSPCBCJMJUZ� "T DBO CF TFFO GSPN
&RVBUJPO 	ò�ó

 TPGUFS BOE EFOTFS DSZTUBMT
 TVDI BT nVPSJEFT BOE BMLBMJ MFBE IBMJEFT
 HFO�
FSBMMZ IBWF MPXFS QIPOPO DVU�PĊ GSFRVFODJFT
 XIJDI DPVME QPUFOUJBMMZ FOBCMF TQFDUSBM
IPMF CVSOJOH BQQMJDBUJPOT PO USBOTJUJPOT OPU QPTTJCMF XJUI UIF IBSEFS BOE MFTT EFOTF
PYJEFT�
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$IBQUFS ó

6MUSBTPVOE PQUJDBM UPNPHSBQIZ

6MUSBTPVOE PQUJDBM UPNPHSBQIZ 	605
 JT DVSSFOUMZ CFJOH EFWFMPQFE UP JNBHF PQUJDBM
DPOUSBTU EFFQ JOTJEF TDBUUFSJOH NFEJB
 TVDI BT UJTTVF
 BU EFQUIT PG TFWFSBM DFOUJNFUSFT�
3FWJFXT PO UIJT UPQJD IBWF CFFO QVCMJTIFE <ô
 õ>� ɨJT DIBQUFS EFTDSJCFT UIF CBTJD QSJO�
DJQMFT BOE QPUFOUJBM NFEJDBM BQQMJDBUJPOT PG 605� ɨF SFTVMUT QSFTFOUFE JO 1BQFS 7*

PO UIF DPNQBSJTPO PG DPOUSBTU�UP�OPJTF SBUJPT PG WBSJPVT TJHOBM EFUFDUJPO NFUIPET GPS
605
 BSF TVNNBSJ[FE� #PUI QVCMJTIFE 	1BQFST *
 ***
 � *7
 BOE VOQVCMJTIFE 605
NFBTVSFNFOUT VTJOH TQFDUSBM IPMF CVSOJOH mMUFST JO 1S3+�:24J05 BSF QSFTFOUFE�

ɨF QSJODJQMF PG 605 JT TIPXO TDIFNBUJDBMMZ JO 'JHVSF ó�ð� 0QUJDBM BOE VMUSBTPOJD
QVMTFT BU GSFRVFODJFT f- BOE f64
 SFTQFDUJWFMZ
 BSF BQQMJFE UP UIF UJTTVF� ɨF PQUJDBM
QIPUPOT BSF TDBUUFSFE NVMUJQMF UJNFT
 BOE UIFJS EJSFDUJPOT PG QSPQBHBUJPO BSF SBQJEMZ
SBOEPNJ[FE� 6MUSBTPVOE PO UIF PUIFS IBOE
 JT PSEFST PG NBHOJUVEF MFTT TDBUUFSFE CZ
UJTTVF
 XIJDI BMMPXT GPS OBSSPX GPDVTJOH 	∼NN
� ɨF VMUSBTPVOE QVMTFT DBVTF B TQB�
UJBMMZ MPDBMJ[FE QFSJPEJD WBSJBUJPO PG UIF SFGSBDUJWF JOEFY BOE NPWFNFOU PG UIF TDBUUFS�
JOH DFOUSFT� ɨF PQUJDBM QBUI MFOHUIT PG QIPUPOT QSPQBHBUJOH UISPVHI UIF VMUSBTPVOE
QVMTF XJMM CF NPEVMBUFE BU UIF VMUSBTPVOE GSFRVFODZ
 MFBEJOH UP B GSFRVFODZ TIJGU
 BOE
TJEFCBOET PG UIF DBSSJFS BU NVMUJQMFT PG ± f64� ɨF VMUSBTPVOE�NPEVMBUFE QIPUPOT
BSF DBMMFE UBHHFE QIPUPOT
 XIJMF UIF QIPUPOT BU UIF PSJHJOBM MBTFS GSFRVFODZ BSF DBMMFE
VOUBHHFE QIPUPOT� ɨF OVNCFS PG UBHHFE QIPUPOT FNFSHJOH GSPN UIF UJTTVF EFQFOET
PO UIF MPDBM QIPUPO nVFODF
 BOE UIF PQUJDBM BOE BDPVTUJD QSPQFSUJFT PG UIF JOTPOJmFE
UJTTVF WPMVNF� 0QUJDBM DPOUSBTU JNBHFT DBO UIFSFGPSF CF GPSNFE CZ TQBUJBMMZ TDBOOJOH
UIF UJTTVF XJUI UIF VMUSBTPVOE QVMTF XIJMF DPVOUJOH UIF UBHHFE QIPUPOT GPS FBDI VMUSB�
TPVOE QVMTF QPTJUJPO� "O FYBNQMF PG B POF�EJNFOTJPOBM 	1%
 JNBHF JT TIPXO JO UIF
MPXFS QBSU PG 'JHVSF ó�ð� )FSF
 B SFHJPO PG UJTTVF XJUI B IJHIFS PQUJDBM BCTPSQUJPO DP�
FċDJFOU UIBO UIF CBDLHSPVOE UJTTVF JT TDBOOFE XJUI UIF VMUSBTPVOE QVMTF� ɨJT JT TFFO
BT B EFDSFBTF JO UIF OVNCFS PG EFUFDUFE UBHHFE QIPUPOT� 5XP� BOE UISFF�EJNFOTJPOBM

ñò



JNBHFT DBO CF PCUBJOFE CZ BEEJOH PUIFS TDBOOJOH BYFT�

)LJXUH ���� 3ULQFLSOH RI XOWUDVRXQG RSWLFDO WRPRJUDSK\� 3KRWRQV ZLWK D IUHTXHQF\ f- �UHG DUURZV� HQWHU WKH
WLVVXH� $ IUDFWLRQ RI WKHVH SKRWRQV WUDYHUVHV WKH XOWUDVRXQG �86� SXOVH DQG DUH IUHTXHQF\ VKLIWHG E\
PXOWLSOHV RI WKH XOWUDVRXQG IUHTXHQF\ f64 �EOXH GDVKHG DUURZV�� 'HWHFWLRQ RI WKH VKLIWHG SKRWRQV
HQDEOHV VSDWLDOO\ UHVROYHG RSWLFDO FRQWUDVW PHDVXUHPHQWV LQVLGH WKH WLVVXH� 6FDQQLQJ WKH WLVVXH ZLWK
WKH XOWUDVRXQG SXOVH DFURVV DQ LQFOXVLRQ ZLWK KLJKHU RSWLFDO DEVRUSWLRQ WKDQ WKH EDFNJURXQG WLVVXH
�DORQJ WKH JUHHQ GDVKHG OLQH�� JLYHV D RQH�GLPHQVLRQDO LPDJH LQ ZKLFK WKH LQFOXVLRQ LV VHHQ DV D
GHFUHDVH LQ WKH QXPEHU RI WDJJHG SKRWRQV �ORZHU SDUW RI ýJXUH��

ó�ð .FUIPET PG EFUFDUJOH UBHHFE QIPUPOT

" OVNCFS PG NFUIPET PG EFUFDUJOH UBHHFE QIPUPOT IBWF CFFO EFWFMPQFE TJODF UIF
mSTU FYQFSJNFOUBM EFNPOTUSBUJPO PG 605 JO 1993 <óô>� )PXFWFS
 TFWFSBM DIBMMFOHFT
IBWF QSFWFOUFE UIF USBOTMBUJPO PG QSPNJTJOH FYQFSJNFOUBM SFTVMUT PO UJTTVF�NJNJDLJOH
QIBOUPNT UP JO WJWP BQQMJDBUJPO�

"T POMZ B TNBMM GSBDUJPO PG UIF QIPUPOT USBWFSTF UIF VMUSBTPVOE QVMTF BOE CFDPNF
UBHHFE
 UIF GSBDUJPO PG UBHHFE UP VOUBHHFE QIPUPOT JT MPX
 UZQJDBMMZ 10−3−10−5� ɨJT
NFBOT UIBU B XFBL TJHOBM NVTU CF EFUFDUFE PO UPQ PG B NVDI TUSPOHFS CBDLHSPVOE�
ɨF QIPUPOT BSF BMTP FNJUUFE GSPN B MBSHF FYUFSOBM UJTTVF BSFB JO BMM EJSFDUJPOT� 4JODF

ñó



UIF FNJTTJPO FUFOEVF 	UIF BSFB NVMUJQMJFE CZ UIF TPMJE BOHMF
 JT MBSHF
 UIF EFUFDUJPO
TZTUFN FUFOEVF NVTU BMTP CF MBSHF GPS FċDJFOU EFUFDUJPO�

'PS DPIFSFOU EFUFDUJPO NFUIPET
 UIF TQFDLMFE PQUJDBM mFME HFOFSBUFE JO UIF UJTTVF

BOE JUT UFNQPSBM EFDPSSFMBUJPO
 XIJDI JO MJWJOH UJTTVF PDDVST PO UJNF TDBMFT PG ∼ 0.1−
1 NT EVF UP JOUFSOBM NPWFNFOU <ðö>
 CFDPNFT B QSPCMFN� *O FBSMZ TUVEJFT GBTU TJOHMF�
FMFNFOU EFUFDUPST XFSF VTFE UPNFBTVSF UIF JOUFOTJUZNPEVMBUJPO PG TQFDLMFT EVF UP UIF
CFBUJOH CFUXFFO UBHHFE BOE VOUBHHFE QIPUPOT <óõ
 óö>� )PXFWFS
 UIF QIBTFT PG FBDI
TQFDLMF HSBJO BSF SBOEPN
 BOE BMUIPVHI B EFUFDUPS XJUI B MBSHF BSFB DBO DPMMFDU NPSF
QIPUPOT
 UIF JODSFBTFE OVNCFS PG TQFDLMF HSBJOT SFEVDFT UIF FĊFDUJWF NPEVMBUJPO
EFQUI
 MFBEJOH UP QPPS TJHOBM�UP�OPJTF SBUJP 	4/3
�

1BSBMMFM EFUFDUJPO PG UIF JOEJWJEVBM TQFDLMFT VTJOH NVMUJ�QJYFM EFUFDUPST 	DBNFSBT
 XBT
EFWFMPQFE UP JNQSPWF UIF 4/3 <ó÷>� )PXFWFS
 TFWFSBM DBNFSB GSBNFT IBWF UP CF
BDRVJSFE UP SFDPOTUSVDU UIF 605 TJHOBM� ɨF MPX GSBNF SBUFT PG DBNFSBT XJUI IJHI
QJYFM DPVOUT NBLF TVDI NFUIPET TVTDFQUJCMF UP TQFDLMF EFDPSSFMBUJPO
 BOE UIFZ BSF
DVSSFOUMZ OPU TVJUBCMF GPS JO WJWP NFBTVSFNFOUT� 4JHOBM EFUFDUJPO CBTFE PO B TJOHMF
JNBHF JT UIVT PG JOUFSFTU� ɨJT JT QPTTJCMF XJUI MBTFS TQFDLMF DPOUSBTU TDIFNFT <óø
 ôï>

CVU UIF 4/3 JT MPX EVF UP UIF SBOEPN OBUVSF PG TQFDLMFT� *OTUFBE
 NFUIPET TVDI BT
TJOHMF�TIPU PĊ�BYJT IPMPHSBQIZ EFWFMPQFE SFDFOUMZ <÷> DPVME QSPWJEF IJHIFS TFOTJUJWJUZ�
$BNFSBT DBQBCMF PG MPDL�JO EFUFDUJPO JO FBDI QJYFM HJWJOH UIF NPEVMBUFE TJHOBM DPVME
BMTP CF VTFE <ôð>� )PXFWFS
 UIFTF MPDL�JO DBNFSBT DVSSFOUMZ TVĊFS GSPN MPX QJYFM
DPVOUT PG ∼ 0.1 NFHB�QJYFMT 	.QY

 BOE UIVT IBWF B DPNQBSBUJWFMZ MPX FUFOEVF�

1IPUPSFGSBDUJWF�DSZTUBM�CBTFE EFUFDUJPO <ôñ
 ôò> FNQMPZT B TJOHMF�FMFNFOU EFUFDUPS BOE
DBO PĊFS B MBSHFS FUFOEVF UIBO DVSSFOU DBNFSB�CBTFE NFUIPET� *NQSFTTJWF JNBHJOH
EFQUIT IBWF CFFO EFNPOTUSBUFE JO QIBOUPNT XJUI UJTTVF�MJLF PQUJDBM QSPQFSUJFT <ôó>

CVU UIFNFUIPE TUJMM TVĊFST GSPN TQFDLMF EFDDPSFMBUJPO EVF UP UIF∼NT QIPUPSFGSBDUJWF
SFTQPOTF UJNF PG UIF DSZTUBMT�

1SPCMFNT BTTPDJBUFE XJUI TQFDLMF EFDPSSFMBUJPO DBO CF BWPJEFE XJUI JODPIFSFOU mM�
UFSJOH NFUIPET BT UIF UBHHFE QIPUPO nVY JT NFBTVSFE EJSFDUMZ CZ NBUDIJOH UIF mMUFS
QBTTCBOE XJUI UIF GSFRVFODZ PG UIF UBHHFE QIPUPOT� 'PS BO PQUJDBM XBWFMFOHUI PG
800 ON BOE BO VMUSBTPVOE GSFRVFODZ PG 5 .)[
 UIF PQUJDBM TIJGU EVF UP UIF VMUSB�
TPVOE JT BCPVU 10−5 ON� ɨF mMUFST NVTU UIVT CF FYUSFNFMZ OBSSPXCBOE BOE IBWF
IJHI TVQQSFTTJPO PG VOUBHHFE QIPUPOT� ɨJT JT QPTTJCMF XJUI 'BCSZ�1FSPU JOUFSGFSPNF�
UFST <ôô
 ôõ>� )PXFWFS
 UIJT BQQSPBDI TVĊFST GSPN MPX TJHOBM EVF UP UIF MPX EFUFDUJPO
FUFOEVF PG 'BCSZ�1FSPU JOUFSGFSPNFUFST DBQBCMF PG QSPWJEJOH TVċDJFOUMZ OBSSPX mMUFS
QBTTCBOET 	FUFOEVF < 1 NN2TS
�

'JMUFST CBTFE PO TQFDUSBM IPMF CVSOJOH JO SBSF�FBSUI�JPO�EPQFE DSZTUBMT 	TFF 4FDUJPO ò�ò

IBWF CFFO VTFE GPS 605 <ø
 ñöoñø> EVF UP UIFJS DBQBCJMJUZ PG TVQQPSUJOH ∼ 1 .)[
CBOEXJEUI mMUFST UIBU BDDFQU QIPUPOT GSPN B ∼ 2π TPMJE BOHMF PWFS B ∼ 1 DN2 BSFB


ñô



UIVT SFTVMUJOH JO B MBSHF FUFOEVF 	TJNJMBS UP UIBU JO QIPUPSFGSBDUJWF EFUFDUJPO
� ɨF
EJTBEWBOUBHFT PG TQFDUSBM IPMF CVSOJOH mMUFST BSF UIBU UIF mMUFS XBWFMFOHUI JT MJNJUFE
CZ UIF BWBJMBCMF TVJUBCMF SBSF�FBSUI USBOTJUJPOT
 BOE UIF OFFE UP DPPM UIF mMUFS DSZTUBMT
UP DSZPHFOJD UFNQFSBUVSFT
 MFBEJOH UP DPNQBSBUJWFMZ CVMLZ TFU�VQT�

4FWFSBM NFUIPET IBWF UIVT CFFO VTFE GPS UIF EFUFDUJPO PG UBHHFE QIPUPOT
 BMUIPVHI
JU JT OPU DMFBS XIJDI JT UIF NPTU TVJUBCMF NFUIPET GPS GVUVSF 605 EFWJDFT BOE NFE�
JDBM BQQMJDBUJPOT� *O PSEFS UP TIFE MJHIU PO UIF TUSFOHUIT BOE XFBLOFTTFT PG WBSJPVT
NFUIPET
 UIF DPOUSBTU�UP�OPJTF SBUJPT 	$/3T
 PG WBSJPVT NFUIPET
 JODMVEJOH TQFDUSBM
IPMF CVSOJOH
 TJOHMF�TIPU PĊ�BYJT IPMPHSBQIZ
 TQFDLMF DPOUSBTU
 BOE QIPUPSFGSBDUJWF
IPMPHSBQIZ
 XFSF DPNQBSFE 	1BQFS 7*
�

"GUFS CSJFnZ JOUSPEVDJOH UIF DPODFQU PG UIF $/3
 UIF GPMMPXJOH TVCTFDUJPOT QSFTFOU
UIF TQFDUSBM IPMF CVSOJOH
 TJOHMF�TIPU PĊ�BYJT IPMPHSBQIZ
 TQFDLMF DPOUSBTU
 BOE QIP�
UPSFGSBDUJWF IPMPHSBQIZ NFUIPET� "UUFOUJPO XJMM CF GPDVTFE PO UIF TQFDUSBM IPMF CVSO�
JOHNFUIPE
 TJODF JU JT DFOUSBM UP UIF XPSL QSFTFOUFE JO UIJT UIFTJT� ɨF SFMBUJWF JNBHJOH
QFSGPSNBODF PG UIF NFUIPET JT UIFO DPNQBSFE JO UFSNT PG $/3�

ó�ð�ð $POUSBTU�UP�OPJTF SBUJP

ɨF 4/3 JT PGUFO VTFE UP RVBOUJGZ UIF RVBMJUZ PG B TJHOBM� )PXFWFS
 UIF BCJMJUZ UP
EFUFDU DIBOHFT JO UIF TJHOBM JT NPSF SFMFWBOU GPS 605� ɨFSFGPSF
 UIF $/3 JT VTFE
JOTUFBE
 BOE JT EFmOFE BT�

$/3= DPOUSBTU
OPJTF

= |S"−S#|√
σ2
"+σ2

#

	ó�ð


XIFSF |S"−S#| JT UIF EJĊFSFODF JO UIF TJHOBM GSPN UXP UJTTVF SFHJPOT " BOE # XJUI
EJĊFSFOU PQUJDBM QSPQFSUJFT� 'PS FYBNQMF
 UIFSF NBZ CF B UVNPVS JO SFHJPO "
 BOE
IFBMUIZ UJTTVF JO SFHJPO #� ɨF UXP TJHOBMT IBWF TUBOEBSE EFWJBUJPOT σ" BOE σ#
 SF�
TQFDUJWFMZ� ɨF GVSUIFS VTF PG UIF " BOE # TVCTDSJQUT SFGFST UP UIF IFSF NFOUJPOFE
UXP UJTTVF SFHJPOT� 5P EJTUJOHVJTI JNBHF GFBUVSFT JO B 605 NFBTVSFNFOU
 TVDI BT B
UVNPVS
 UIF $/3 TIPVME CF BCPWF POF
 BOE QSFGFSBCMZ TJHOJmDBOUMZ HSFBUFS UIBO POF�

ó�ð�ñ 4QFDUSBM IPMF CVSOJOH mMUFST

ɨF TQFDUSBM IPMF CVSOJOH QIFOPNFOPO EFTDSJCFE JO 4FDUJPO ò�ò JT VTFE UP EFUFDU UIF
UBHHFE QIPUPO TJHOBM� ɨF PQUJDBM TJHOBM MFBWJOH UIF UJTTVF 	UBHHFE BOE VOUBHHFE QIP�
UPOT
 JT TIPXO JO 'JHVSF ó�ñ	B
� 1SJPS UP B 605 NFBTVSFNFOU
 TQFDUSBM IPMFT BSF
QSFQBSFE BU UIF UBHHFE QIPUPO GSFRVFODJFT
 BT TIPXO JO 'JHVSF ó�ñ	C
� ɨF VOUBHHFE

ñõ



QIPUPOT PVUTJEF UIF TQFDUSBM IPMFT BSF BCTPSCFE CZ UIF SBSF�FBSUI JPOT JO UIF DSZTUBM

XIJMF UIF UBHHFE QIPUPOT BSF USBOTNJUUFE� ɨF UBHHFE QIPUPOT BSF BMTP TMPXFE EPXO
DPNQBSFE UP UIF VOUBHHFE QIPUPOT EVF UP UIF TMPX MJHIU FĊFDU JOEVDFE CZ UIF SBQJE
JODSFBTF JO SFGSBDUJWF JOEFY XJUI GSFRVFODZ XJUIJO UIF mMUFS QBTTCBOE
 BT EJTDVTTFE JO
4FDUJPO ò�ó� ɨF MBUFS BSSJWBM UJNF PG UBHHFE QIPUPOT BU UIF EFUFDUPS UIVT BMMPXT GPS
GVSUIFS TVQQSFTTJPO PG VOUBHHFE QIPUPOT VTJOH UJNF HBUJOH
 TFF 'JHVSF ó�ñ	D
�

)LJXUH ���� 3ULQFLSOH RI WDJJHG SKRWRQ GHWHFWLRQ XVLQJ VSHFWUDO KROH EXUQLQJ LQ UDUH�HDUWK�LRQ�GRSHG FU\VWDOV�
�D� 2SWLFDO VLJQDOV OHDYLQJ WKH WLVVXH� 7KH WDJJHG �EOXH� DQG XQWDJJHG �UHG� SKRWRQV OHDYH WKH WLVVXH
DW WKH VDPH WLPH� 7KH UDWLR RI WDJJHG WR XQWDJJHG SKRWRQV LV ORZ �PXFK ORZHU WKDQ LOOXVWUDWHG LQ
WKH ýJXUH�� �E� 7KH SKRWRQV IURP WKH WLVVXH DUH SDVVHG WKURXJK WKH ýOWHU FU\VWDO ZLWK WKH SDVVEDQG
PDWFKLQJ WKH IUHTXHQF\ RI RQH RU VHYHUDO WKH WDJJHG SKRWRQ VLGHEDQGV� �F� $IWHU WKH ýOWHU� WKH
XQWDJJHG SKRWRQV DUH JUHDWO\ UHGXFHG LQ QXPEHU DQG DUULYH SURPSWO\ DW WKH GHWHFWRU� 7KH WDJJHG
SKRWRQV DUH WUDQVPLWWHG DQG GHOD\HG LQ WLPH� ZKLFK HQDEOHV WKH XVH RI WLPH JDWLQJ WR UHPRYH DQ\
IXUWKHU XQWDJJHG SKRWRQV QRW DEVRUEHG E\ WKH LRQV LQ WKH ýOWHU FU\VWDO�

*O UIF 605 NFBTVSFNFOUT EFTDSJCFE JO UIF MJUFSBUVSF FJUIFS BCTPSQUJWF mMUFSJOH <ñöo
ñø>
 PS BCTPSQUJWF DPNCJOFE XJUI TMPX MJHIU mMUFSJOH <ø> IBWF CFFO VTFE� 8IFO UIF
TMPX MJHIU FĊFDU JT DPNCJOFE XJUI UJNF HBUJOH
 UIF mMUFST BSF PGUFO DBMMFE TMPX MJHIU
mMUFST� /PUF UIBU TVDI mMUFST DBO CF DSFBUFE BU B TJOHMF UBHHFE TJEFCBOE
 PS BU UXP
	PS NPSF
 UBHHFE TJEFCBOET
 BT TIPXO JO 'JHVSF ó�ñ	C

 UP JODSFBTF UIF UBHHFE TJHOBM
TUSFOHUI�

ɨF EJĊFSFODF JO TJHOBM 	J�F�
 UIF DPOUSBTU
 XIFO QSPCJOH UXP EJĊFSFOU UJTTVF MPDBUJPOT
XJUI VMUSBTPVOE
 XIJMF BTTVNJOH UIBU mMUFST BSF QSFQBSFE BU UIF GSFRVFODJFT PG UIF±1TU
PSEFS UBHHFE QIPUPOT JT�

$POUSBTU= 2SDηEFU|NT,A −NT,B| 	ó�ñ


XIFSF NT,A BOE NT,B BSF UIF OVNCFS PG +1TU PSEFS UBHHFE QIPUPOT FNJUUFE GSPN UIF
UJTTVF QFS VOJU BSFB BU UIF UXP QSPCF MPDBUJPOT� ɨF UJTTVF BSFB GSPN XIJDI QIPUPOT BSF
DPMMFDUFE JT EFOPUFE SD
 BOE ηEFU JT UIF EFUFDUJPO FċDJFODZ
 XIJDI JODMVEFT UIF EFUFDUPS

ñö



RVBOUVN FċDJFODZ
 BOE BMM PUIFS TPVSDFT PG QIPUPO MPTT CFUXFFO UIF UJTTVF BOE UIF
EFUFDUPS� "TTVNJOH TIPU�OPJTF�MJNJUFE EFUFDUJPO
 UIF OPJTF JT UIF TRVBSF SPPU PG UIF
UPUBM OVNCFS PG QIPUPOT EFUFDUFE
 CPUI UBHHFE BOE VOUBHHFE
 GPS UIF UXP VMUSBTPVOE
QSPCF QVMTF MPDBUJPOT�

/PJTF=
√

2SDηEFU(NT,A +NT,B +T6N6) 	ó�ò


XIFSF T6 JT UIF USBOTNJUUBODF PG VOUBHHFE QIPUPOT UISPVHI UIF mMUFS DSZTUBM
 BOE N6
JT UIF OVNCFS PG VOUBHHFE QIPUPOT FNJUUFE GSPN UIF UJTTVF QFS VOJU BSFB� ɨF $/3
DBO UIVT CF XSJUUFO BT�

$/34)# =
√

2SDηEFU
|NT,A −NT,B|√

NT,A +NT,B +T6N6
	ó�ó


5P JNQSPWF UIF $/3
 JU JT UIVT EFTJSBCMF UP NJOJNJ[F T6N6 CZ SFEVDJOH UIF USBOT�
NJUUBODF PG VOUBHHFE QIPUPOT CZ UIF mMUFS UP B MFWFM XIFSF UIF OPJTF JT EPNJOBUFE
CZ UIF TIPU OPJTF PG UIF UBHHFE QIPUPOT� ɨF mMUFS DPOUSBTU SFRVJSFE UP CF JO UIJT
SFHJNF EFQFOET PO UIF NFEJDBM BQQMJDBUJPO
 JNBHJOH EFQUI
 BOE EFUFDUJPO HFPNFUSZ�
"T FYQFDUFE
 JU JT BEWBOUBHFPVT UP DPMMFDU UIF TJHOBM GSPN B MBSHF UJTTVF BSFB XJUI B IJHI
EFUFDUJPO FċDJFODZ�

" mMUFS USBOTNJUUBODF PG VOUBHHFE QIPUPOT PG T6 ∼ 10−3 IBT CFFO VTFE GPS 605 <ø>

BOE UIF NFBTVSFNFOUT QSFTFOUFE JO $IBQUFS ô PG UIJT UIFTJT TVHHFTU UIBU T6 ∼ 10−6

NBZ CF QPTTJCMF
 XJUI UIF QPUFOUJBM GPS GVSUIFS JNQSPWFNFOU� 'PS UIF $/3 DPN�
QBSJTPO QSFTFOUFE JO 1BQFS 7*
 T6 = 10−3 PS T6 = 10−8 XBT BTTVNFE
 XIFSF UIF
MBUUFS JT BO PQUJNJTUJD
 CVU OPU VOSFBTPOBCMF WBMVF PG UIF GVUVSF QFSGPSNBODF CBTFE PO
PVS DVSSFOU VOEFSTUBOEJOH� " DVTUPN�EFTJHOFE 605 DSZPTUBU 	GSPN .Z $SZP 'JSN

EFMJWFSFE UP PVS HSPVQ TIPSUMZ CFGPSF TVCNJUUJOH UIJT UIFTJT IBT 5.1 DN EJBNFUFS XJO�
EPXT
 BOE BMMPXT GPS 5.1 DN EJBNFUFS MFOTFT UP CF NPVOUFE JOTJEF JU� ɨF DSZPTUBU JT
UIFSFGPSF FYQFDUFE UP IBWF FYDFMMFOU PQUJDBM UISPVHIQVU� %FUFDUPST BOE DSZTUBMT PG DFO�
UJNFUSF TJ[F BSF BWBJMBCMF� " DPMMFDUJPO BSFB PG 1 DN2 JT EFFNFE QPTTJCMF
 BOE UIFSFGPSF
VTFE JO UIF $/3 DBMDVMBUJPOT� *G UIF OVNFSJDBM BQFSUVSF 	/"
 PG UIF EFUFDUJPO TFU�VQ
JT BTTVNFE UP CF 0.7
 UIF TJHOBM MPTT EVF UP UIF MJNJUFE DPMMFDUJPO BOHMF JT FTUJNBUFE
BT sin2(45°) = 0.5� 1IPUPNVMUJQMJFS UVCF EFUFDUPST DBO IBWF RVBOUVN FċDJFODJFT PG
∼ 15% 	VQ UP XBWFMFOHUIT PG ∼ 800 ON
� " EFUFDUJPO FċDJFODZ PG ηEFU = 7.5% XBT
UIFSFGPSF BTTVNFE�

ó�ð�ò 4JOHMF�TIPU PĊ�BYJT IPMPHSBQIZ

4JOHMF�TIPU PĊ�BYJT IPMPHSBQIZ XBT SFDFOUMZ VTFE GPS 605 NFBTVSFNFOUT CZ -JV FU
BM� <÷>� ɨF PQUJDBM mFME MFBWJOH UIF UJTTVF 	UBHHFE BOE VOUBHHFE QIPUPOT
 JT QPMBSJ[FE
BOE JMMVNJOBUFT B DBNFSB� ɨF DBNFSB JT BMTP JMMVNJOBUFE XJUI B SFGFSFODF mFME XJUI UIF

ñ÷



TBNF GSFRVFODZ BT POF PG UIF UBHHFE TJEFCBOET BU BO BOHMF SFMBUJWF UP UIF mFME MFBWJOH
UIF UJTTVF� 4FWFSBM DBNFSB QJYFMT DPWFS FBDI TQFDLMF HSBJO
 TVDI UIBU UIF JOUFSGFSFODF
GSJOHFT JO FBDI TQFDLMF BSF SFTPMWFE� *NBHFT BSF BDRVJSFE VTJOH BO FYQPTVSF UIBU JT MPOH
DPNQBSFE UP UIF VMUSBTPVOE QFSJPE
 PS B NVMUJQMF PG UIF VMUSBTPVOE QFSJPE
 TVDI UIBU
UIF CFBUJOH CFUXFFO UIF VOUBHHFE BOE SFGFSFODF mFMET BWFSBHFT PVU� " 2% GBTU 'PVSJFS
USBOTGPSN 	''5
 JT QFSGPSNFE PO UIF SFDPSEFE DBNFSB JNBHF� ɨF JOUFSGFSFODF UFSN
CFUXFFO UIF UBHHFE BOE SFGFSFODF QIPUPO mFMET JT TIJGUFE BXBZ GSPN UIF DFOUSF PG
'PVSJFS TQBDF� ɨF UBHHFE mFME DBO UIFO CF SFDPOTUSVDUFE CZ DSPQQJOH UIJT SFHJPO BOE
QFSGPSNJOH BO JOWFSTF 2% ''5�

#BTFE PO UIF 4/3 FYQSFTTJPO HJWFO CZ -JV FU BM� <÷>
 XIJDI BTTVNFT UIBU UIF BNQMJUVEF
PG UIF VOUBHHFE BOE SFGFSFODF mFMET PO UIF DBNFSB BSF FRVBM BOE NVDI HSFBUFS UIBO
UIF BNQMJUVEF PG UIF UBHHFE mFME
 BOE UIBU B SFDUBOHVMBS JSJT JT VTFE JO GSPOU PG UIF
DBNFSB
 UIF TIPU�OPJTF�MJNJUFE $/3 DBO CF XSJUUFO BT�

$/3)0- =
√

NQY
ηEFU|N̄T,A − N̄T,B|/nQY√

4ηEFU(N̄T,A + N̄T,B)/nQY+2
	ó�ô


XIFSF N̄T,A BOE N̄T,B BSF UIF BWFSBHF OVNCFS PG+1TU PSEFS UBHHFE QIPUPOT QFS TQFDLMF
BU UIF UJTTVF TVSGBDF GPS UIF UXP VMUSBTPVOE QVMTF QSPCF MPDBUJPOT " BOE #
 NQY JT UIF
UPUBM OVNCFS PG DBNFSB QJYFMT
 BOE nQY JT UIF OVNCFS PG DBNFSB QJYFMT DPWFSJOH FBDI
TQFDLMF� ɨFSF BSF UXP QPTTJCMF $/3 TDBMJOH SFHJNFT
 EFQFOEJOH PO XIJDI PG UIF
GBDUPST 4ηEFU(N̄T,A+N̄T,B)/nQY PS 2 JO UIF EFOPNJOBUPS JT MBSHFS� ɨF TDBMJOH JT CFUUFS
BU TIBMMPX UJTTVF EFQUIT XIFSF 4ηEFU(N̄T,A + N̄T,B)/nQY DBO CF MBSHFS� *ODSFBTJOH UIF
DBNFSB QJYFM DPVOU UP EFUFDU NPSF TQFDLMFT
 BOE�PS JNQSPWJOH UIF EFUFDUJPO FċDJFODZ
XJMM JNQSPWF UIF $/3�

ɨF GPMMPXJOH TFU�VQ QBSBNFUFST XFSF DIPTFO GPS UIF UIFPSFUJDBM $/3 DPNQBSJTPO
QSFTFOUFE JO 1BQFS 7*� 5P UIF CFTU PG UIF BVUIPS�T LOPXMFEHF
 DVSSFOUMZ BWBJMBCMF MPX�
OPJTF
 ∼ L)[ GSBNF SBUF DBNFSBT IBWF TFOTPST XJUI B GFX .QY� " 1 .QY PS B 50 .QY
DBNFSB XBT BTTVNFE
 XJUI B QJYFM RVBOUVN FċDJFODZ PG 60%� ɨF TJHOBM JT NBYJNJ[FE
XIFO UIF TQFDLMF TJ[F JT 4 QJYFMT XJEF <÷>
 BOE JU XBT UIFSFGPSF BTTVNFE UIBU nQY =
16� 'PS PĊ�BYJT IPMPHSBQIZ
 UIF OVNCFS PG QIPUPOT QFS TQFDLMF 	QFS DBNFSB QJYFM

JT SFMFWBOU� 4FUUJOH UIF /" PG UIF EFUFDUJPO TFU�VQ UP 0.7
 NFBOT UIBU UIF TJHOBM MPTT
EVF UP UIF MJNJUFE DPMMFDUJPO BOHMF JT BHBJO FTUJNBUFE UP CF 0.5� )PXFWFS
 UIF TNBMMFTU
QPTTJCMF TQFDLMF BSFB UIBU DBO CF SFDPSEFE PO UIF DBNFSB TIPVME CF QSPQPSUJPOBM UP
1//"2� 'PS BO /" PG 0.7
 UIF TNBMMFTU QPTTJCMF TQFDLMF PO UIF DBNFSB JT UIFSFGPSF
UXJDF UIF TQFDLMF BSFB BU UIF UJTTVF TVSGBDF� ɨVT
 UIF OVNCFS PG QIPUPOT QFS TQFDLMF
PO UIF UJTTVF TVSGBDF BOE PO UIF EFUFDUPS JT JEFOUJDBM� ɨF QPMBSJ[FS VTFE JO GSPOU PG
UIF DBNFSB JO UIF PĊ�BYJT IPMPHSBQIZ TFU�VQ SFEVDFT UIF TJHOBM CZ IBMG
 XIJDI
 XIFO
DPNCJOFE XJUI UIF QJYFM RVBOUVN FċDJFODZ
 HJWFT ηEFU = 30%�

ñø



ó�ð�ó 4QFDLMF DPOUSBTU

ɨF TQFDLMF DPOUSBTU JT EFmOFE BT UIF TUBOEBSE EFWJBUJPO PG UIF TQFDLMF QBUUFSO EJ�
WJEFE CZ UIF NFBO JOUFOTJUZ� 8IFO BO VMUSBTPVOE QVMTF FOUFST UIF UJTTVF
 UIF TQFDLMF
DPOUSBTU XJMM EFDSFBTF
 J�F�
 UIF TQFDLMF QBUUFSO XJMM CFDPNF CMVSSFE� ɨF EFDSFBTF JO
DPOUSBTU EFQFOET PO UIF SBUJP PG UBHHFE UP VOUBHHFE QIPUPOT� " DBNFSB JT VTFE UP
SFDPSE UIF TQFDLMF QBUUFSO XJUI B TJOHMF FYQPTVSF UIBU JT FJUIFS MPOH DPNQBSFE XJUI
UIF VMUSBTPVOE QFSJPE
 PS BO JOUFHFS OVNCFS PG VMUSBTPVOE QFSJPET
 BT JO UIF DBTF PG
TJOHMF�TIPU PĊ�BYJT IPMPHSBQIZ BCPWF� ɨF FYQPTVSF TIPVME CF TIPSU DPNQBSFE UP UIF
TQFDLMF EFDPSSFMBUJPO UJNF
 TJODF UJTTVF NPWFNFOU BMTP SFEVDFT UIF TQFDLMF DPOUSBTU�

'PS N5 ' N6
 BOE UIF JEFBM DBTF PG MJOFBSMZ QPMBSJ[FE TQFDLMF QBUUFSOT XJUI DPOUSBTU
DMPTF UP VOJUZ
 3FTJOL FU BM� <ôö> EFSJWFE UIF GPMMPXJOH FYQSFTTJPO GPS UIF EFDSFBTFE
TQFDLMF DPOUSBTU�

C = 1− 2N5
N6

	ó�õ


ɨJT FYQSFTTJPO JT TJNJMBS UP UIBU QSFTFOUFE CZ -J FU BM� <óø>� *U TIPVME CF OPUFE UIBU
UIF TQFDLMF DPOUSBTU JT VTVBMMZ TJHOJmDBOUMZ MFTT UIBO VOJUZ JO FYQFSJNFOUT� ɨF BMHP�
SJUIN QSFTFOUFE CZ %VODBO FU BM� <ðø> XBT VTFE UP FTUJNBUF UIF OPJTF EVF UP TUBUJTUJDBM
WBSJBUJPO JO TQFDLMF DPOUSBTU GPS TQFDLMF QBUUFSOT XIFSF UIF TQFDLMF TJ[F XBT UXP QJYFMT
XJEF� ɨF TUBOEBSE EFWJBUJPO PG UIF DPOUSBTU PG NBOZ TJNVMBUFE TQFDLMF QBUUFSOT XBT
GPVOE UP CF ≈

√
1/NQY� ɨF $/3 DBO UIFSFGPSF CF FYQSFTTFE BT GPMMPXT�

$/34$ =
√

2NQY
|NT,A −NT,B|

NU
	ó�ö


ɨVT
 UIF $/3 JT JNQSPWFE CZ JODSFBTJOH UIF OVNCFS PG DBNFSB QJYFMT VTFE JO PSEFS
UP EFUFDU NPSF TQFDLMFT� "T POMZ TUBUJTUJDBM WBSJBUJPOT JO UIF TQFDLMF DPOUSBTU BSF DPO�
TJEFSFE JO &RVBUJPO 	ó�ö

 UIJT TIPVME CF DPOTJEFSFE BT BO VQQFS MJNJU PO UIF $/3�
"MUIPVHI UIF EFUFDUJPO FċDJFODZ ηEFU JT OPU JODMVEFE JO &RVBUJPO 	ó�ö

 JU NVTU BMTP
CF PQUJNJ[FE GPS UIF TQFDLMF DPOUSBTU NFUIPE
 TJODF TPVSDFT PG DBNFSB OPJTF BU MPX
MJHIU MFWFMT BOE BU IJHI SFBEPVU SBUFT XJMM QSPCBCMZ CF SFMFWBOU�

" TJNJMBS DBNFSB UP UIBU VTFE JO TJOHMF�TIPU PĊ�BYJT IPMPHSBQIZ DPVME CF VTFE JO UIF
TQFDLMF DPOUSBTU NFUIPE
 BOE B 1 .QY PS B 50 .QY DBNFSB XBT UIFSFGPSF BTTVNFE JO
UIF $/3 BOBMZTJT JO 1BQFS 7*�

ó�ð�ô 1IPUPSFGSBDUJWF EFUFDUJPO

.BUFSJBMT TVDI BT DSZTUBMT BOE QPMZNFST <ô÷>
 UIBU FYIJCJU UIF QIPUPSFGSBDUJWF FĊFDU DBO
CF VTFE UP EFUFDU FJUIFS UBHHFE PS VOUBHHFE QIPUPOT JO 605� " TFU�VQ UIBU EFUFDUT
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VOUBHHFE QIPUPOT 	BOE UIVT JOEJSFDUMZ UBHHFE QIPUPOT
 XBT JODMVEFE JO 1BQFS 7*

BOE XJMM UIFSFGPSF CF EJTDVTTFE IFSF�

ɨF TDBUUFSFE PVUQVU GSPN UIF UJTTVF 	UBHHFE BOE VOUBHHFE
 BOE B SFGFSFODF CFBN BU UIF
TBNF GSFRVFODZ BT UIF VOUBHHFE QIPUPOT BSF PWFSMBQQFE BU BO BOHMF JO UIF QIPUPSFGSBD�
UJWF NBUFSJBM� *OUFSGFSFODF HFOFSBUFT TQBUJBMMZ WBSZJOH JOUFOTJUZ JO UIF NBUFSJBM
 XIJDI
BMUFST UIF SFGSBDUJWF JOEFY UISPVHI UIF QIPUPSFGSBDUJWF FĊFDU� ɨF SFGFSFODF CFBN JT
EJĊSBDUFE CZ UIF SFGSBDUJWF JOEFY HSBUJOH XJUI BO FċDJFODZ ηQS BOE JOUFSGFSFT XJUI UIF
TDBUUFSFE mFME PO B TJOHMF�QPJOU EFUFDUPS� ɨF UBHHFE QIPUPOT BSF JOEJSFDUMZ EFUFDUFE
CZ UVSOJOH UIF VMUSBTPVOE PO BOE PĊ BOE DPNQBSJOH UIF UXP TJHOBMT� "TTVNJOH OFH�
MJHJCMF EFDDPSFMBUJPO PG UIF UBHHFE QIPUPO mFME
 (SPTT FU BM� <ôø> EFSJWFE BO FYQSFTTJPO
GPS UIF EJĊFSFODF JO JOUFOTJUZ XIFO UIF VMUSBTPVOE JT PO BOE PĊ� ∆I � 2ηQS|E5|2

XIFSF E5 JT UIF BNQMJUVEF PG UIF +1TU PSEFS UBHHFE QIPUPO mFME� ɨF JNBHF DPOUSBTU
DBO UIVT CF XSJUUFO BT�

$POUSBTU= 2SDηEFUηQS|NT,A −NT,B| 	ó�÷


ɨF UPUBM JOUFOTJUZ XJUIPVU VMUSBTPVOE JT I = |E6+E%|2
 XIFSF E6 JT UIF BNQMJUVEF PG
UIF VOUBHHFE QIPUPO mFME JO UIF BCTFODF PG UIF VMUSBTPVOE
 BOE E% JT UIF BNQMJUVEF
PG UIF EJĊSBDUFE mFME
 XJUI E% ) ηQSE6 <ôø>� ɨF OPJTF DBO UIVT CF XSJUUFO�

/PJTF=
√

2SDηEFUNU(1+ηQS)2 	ó�ø


BOE UIF $/3 DBO UIFO CF FYQSFTTFE BT�

$/313 =
√

2SDηEFU
ηQS|NT,A −NT,B|√

NU(1+ηQS)2
	ó�ðï


5P JNQSPWF UIF $/3
 JU JT UIVT EFTJSBCMF UP PQUJNJ[F ηQS
 BOE UP DPMMFDU TJHOBM GSPN BT
MBSHF B UJTTVF BSFB BT QPTTJCMF
 XJUI NBYJNVN EFUFDUJPO FċDJFODZ� *U TIPVME CF OPUFE
UIBU MJHIU JO UIF SFGFSFODF CFBN TDBUUFSFE JO UIF EJSFDUJPO PG UIF EFUFDUPS CZ DSZTUBM
JNQFSGFDUJPOT JT B QPUFOUJBM TPVSDF PG OPJTF OPU DPOTJEFSFE BCPWF�

1IPUPSFGSBDUJWF NBUFSJBMT XJUI SFTQPOTF UJNFT PG UIF PSEFS 100 NT IBWF CFFO VTFE
JO TFWFSBM 605 FYQFSJNFOUT <ôñ
 ôó
 õï>
 IPXFWFS
 UIFTF BSF OPU TVJUBCMF GPS JO WJWP
NFBTVSFNFOUT TJODF UIF EFDPSSFMBUJPO PG TQFDLMFT JO UJTTVFT JT NVDI GBTUFS� )PXFWFS

NBUFSJBMT XJUI GBTUFS SFTQPOTF UJNFT IBWF CFFO VTFE GPS QIPUPSFGSBDUJWF EFUFDUJPO�
" SFTQPOTF UJNF PG 1 NT BOE ηQS = 15% BSF QPTTJCMF VTJOH (B"T DSZTUBMT <ôò>
 BOE
4O21246�5F DSZTUBMT IBWF B SFTQPOTF UJNF PG B GFX NT <õð>� 'PS UIF $/3 BOBMZTJT JO
1BQFS 7* ηQS = 15% PS ηQS = 35%XBT VTFE� ɨF BDDVSBUF QSFEJDUJPO PG QPUFOUJBMMZ JN�
QSPWFE QIPUPSFGSBDUJWF SFTQPOTF UJNFT BOE FċDJFODJFT JT
 IPXFWFS
 PVUTJEF UIF TDPQF
PG UIJT XPSL� 4JNJMBSMZ UP TQFDUSBM IPMF CVSOJOH
 B DPMMFDUJPO BSFB SD = 1 DN2 TIPVME
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CF SFBTPOBCMF CFBSJOH JO NJOE UIF BWBJMBCMF DSZTUBM BOE EFUFDUPS TJ[FT GPS QIPUPSFGSBD�
UJWF EFUFDUJPO� 8JUI B WBMVF PG /" PG 0.7
 UIF TJHOBM MPTT EVF UP UIF MJNJUFE DPMMFDUJPO
BOHMF JT BHBJO 0.5� "T UIF QIPUPSFGSBDUJWF NFUIPE EFUFDUT TNBMM TJHOBM WBSJBUJPOT PO B
SFMBUJWFMZ IJHI CBDLHSPVOE
 B QIPUP EJPEF XJUI B RVBOUVN FċDJFODZ PG 80% DBO CF
VTFE� ɨVT
 B EFUFDUJPO FċDJFODZ PG ηEFU = 40% XBT BTTVNFE�

ó�ñ $PNQBSJTPO PG DPOUSBTU�UP�OPJTF SBUJPT PG 605 NFUIPET

ɨJT TFDUJPO QSFTFOUT B DPNQBSJTPO PG UIF $/3 PG UIF TQFDUSBM IPMF CVSOJOH
 TJOHMF�
TIPU PĊ�BYJT IPMPHSBQIZ
 QIPUPSFGSBDUJWF EFUFDUJPO
 BOE TQFDLMF DPOUSBTU NFUIPET�

ó�ñ�ð $BMDVMBUJOH UBHHFE BOE VOUBHHFE TJHOBM TUSFOHUI

ɨF.POUF $BSMP BOE VMUSBTPVOE UBHHJOH DPEF QBDLBHF EFTDSJCFE JO 1BQFST *** BOE *7
XBT VTFE UP TJNVMBUF UIF UBHHFE BOE VOUBHHFE QIPUPOT� 0OMZ B CSJFG PWFSWJFX PG UIF
TJNVMBUJPO QSPDFTT JT HJWFO IFSF
 BOE UIF SFBEFS JT SFGFSSFE UP UIF SFMFWBOU QBQFST
 BOE
UIF TJNVMBUJPO DPEF BWBJMBCMF POMJOF <õñ>� 3FBEFST XIP BSF JOUFSFTUFE JO GVSUIFS EFUBJMT
DBO DPOTVMU UIF 1I�%� UIFTJT CZ %BWJE )JMM
 XIP EFWFMPQFE UIF DPEF
 XIJDI TIPVME CF
BWBJMBCMF GSPN UIF %FQBSUNFOU PG 1IZTJDT BU -VOE 6OJWFSTJUZ BGUFS %FDFNCFS 2022�
/PUF UIBU UIF TJNVMBUJPOT DBSSJFE PVU JO UIF QSFTFOU XPSL BSF TJNJMBS UP UIPTF PG )VBOH
FU BM� <õò>�

ɨF.POUF $BSMP NFUIPE <õó> JT VTFE UP HFOFSBUF QIPUPO QBDLFU QBUIT GSPN BO JOQVU
UP B EFUFDUJPO BSFB UISPVHI B TJNVMBUJPO EPNBJO XJUI B HJWFO TDBUUFSJOH DPFċDJFOU µT

BOJTPUSPQZ GBDUPS
 g 
 SFGSBDUJWF JOEFY
 BOE [FSP BCTPSQUJPO� ɨF VMUSBTPOJDBMMZ JOEVDFE
DIBOHFT JO UIF MPDBM SFGSBDUJWF JOEFY BOE UIF TDBUUFSJOH MPDBUJPOT BSF UIFO DBMDVMBUFE

BOE VTFE UP EFUFSNJOF IPX UIF VMUSBTPVOE mFME NPEVMBUFT UIF PQUJDBM QBUI MFOHUI
PG FBDI QIPUPO QBDLFU� ɨF QPXFS TQFDUSVN PG FBDI QIPUPO QBUI JT DBMDVMBUFE
 BOE
QIPUPO BCTPSQUJPO JT BDDPVOUFE GPS WJB UIF #FFS�-BNCFSU MBX <&RVBUJPO 	ñ�ð
> CBTFE
PO UIF QIPUPO QBDLFU USBKFDUPSZ� ɨF UPUBM TQFDUSVN JT PCUBJO CZ DBMDVMBUJOH UIF NFBO
PG UIF TQFDUSB PG BMM EFUFDUFE QIPUPO QBDLFUT
 BOE VTFE UP DBMDVMBUF UIF USBOTNJUUBODF
PG UBHHFE BOE VOUBHHFE QIPUPOT GSPN UIF JOQVU UP UIF EFUFDUJPO BSFB�

ɨF TJNVMBUJPO HFPNFUSZ TIPXO JO 'JHVSF ó�ò XBT VTFE JO UIF DPNQBSJTPO PG $/3T
QSFTFOUFE JO 1BQFS 7*� "O PQUJDBM XBWFMFOHUI PG 800 ON XBT BTTVNFE� ɨF TJNV�
MBUFE UJTTVF IBE B TDBUUFSJOH DPFċDJFOU PG µs = 50 DN−1
 BO BCTPSQUJPO DPFċDJFOU PG
µa = 0.2 DN−1
 BO BOJTPUSPQZ GBDUPS PG g = 0.9
 BOE B SFGSBDUJWF JOEFY PG n = 1.3�
ɨFTF QSPQFSUJFT BSF TJNJMBS UP UIPTF PG NVTDMF UJTTVF 	TFF $IBQUFS ñ
� "O JODMVTJPO
NFBTVSJOH 3×3×3 NN3 XJUI UIF TBNF PQUJDBM QSPQFSUJFT BT UIF CBDLHSPVOE UJTTVF
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FYDFQU GPS µa = 0.4 DN−1
 XBT BEEFE BU BO JNBHJOH EFQUI
 z� 4VDI BO JODMVTJPO DPVME
CF
 CVU JT OPU OFDFTTBSJMZ
 B SFHJPO PG DBODFSPVT UJTTVF�

)LJXUH ���� 6LPXODWLRQ JHRPHWU\ XVHG WR FRPSDUH WKH &15 RI YDULRXV 827 GHWHFWLRQ PHWKRGV� �D� ]�\ YLHZ �E�
]�[ YLHZ ZKHQ WKH XOWUDVRXQG �86� SXOVH LV LQ SRVLWLRQ $� �F� ]�[ YLHZ ZKHQ WKH XOWUDVRXQG SXOVH LV
LQ SRVLWLRQ %�

*U XBT BTTVNFE UIBU B 605 JNBHF PG 30×30 WPYFMT XBT BDRVJSFE JO 1 T� ɨFNBYJNVN
QFSNJTTJCMF MBTFS FYQPTVSF PG 300 N8�DN2 GPS BWFSBHF SBEJBUJPO BU 800 ON <õô> MJN�
JUT UIF UPUBM OVNCFS PG JOQVU QIPUPOT GPS JNBHF BDRVJTJUJPO UP ∼ 1018� ɨF OVNCFS
PG QIPUPOT EFMJWFSFE UP UIF UJTTVF QFS JNBHF WPYFM XBT UIFSFGPSF 1015 JO UIF QSFTFOU
DBTF� ɨF QIPUPO QBDLFUT XFSF MBVODIFE BOE EFUFDUFE PWFS BSFBT PG 1 DN2 TFQBSBUFE
CZ 2.5 DN� ɨF USBOTNJUUBODF PG UBHHFE BOE VOUBHHFE QIPUPOT GSPN UIF JOQVU UP
EFUFDUJPO XBT DBMDVMBUFE XJUI BO VMUSBTPVOE mFME BU QPTJUJPO " BOE #
 BT TIPXO JO
'JHVSF ó�ò	C
 BOE 	D

 SFTQFDUJWFMZ� ɨF VMUSBTPVOE mFME XBT BTTVNFE UP IBWF B DFOUSF
GSFRVFODZ PG 3 .)[
 B QFBL QSFTTVSF PG 2 .1B
 BOE B (BVTTJBO QSFTTVSF EJTUSJCV�
UJPO XJUI EJNFOTJPOT PG 3× 3× 3 NN3 BU GVMM�XJEUI�BU�IBMG�NBYJNVN 	'8).
�
ɨF OVNCFS PG UBHHFE BOE VOUBHHFE QIPUPOT FNJUUFE UISPVHI UIF EFUFDUJPO BSFB GPS
VMUSBTPVOE mFME MPDBUJPOT " BOE # XBT DBMDVMBUFE CZ NVMUJQMZJOH UIF DBMDVMBUFE USBOT�
NJUUBODFT CZ UIF OVNCFS PG JOQVU QIPUPOT 	1015

 BOE UIFO VTFE BT JOQVU GPS UIF
FYQSFTTJPO PG $/3 GPS UIF SFTQFDUJWF NFUIPE� ɨF DBMDVMBUJPOT XFSF SFQFBUFE XJUI
UIF VMUSBTPVOE mFME BOE JODMVTJPO BU WBSJPVT JNBHJOH EFQUIT� " TQFDLMF EJBNFUFS PG
600 ON XBT VTFE UP DBMDVMBUF UIF OVNCFS PG QIPUPOT QFS TQFDLMF BU UIF UJTTVF TVSGBDF

XIJDI TIPVME CF TVJUBCMF GPS UIF 800 ON MBTFS XBWFMFOHUI <õõ>� ɨF TFU�VQ QBSBNFUFST
TQFDJmD UP FBDI 605 NFUIPE IBWF CFFO HJWFO BCPWF JO UIF TFDUJPOT EFTDSJCJOH FBDI
NFUIPE�

"T EJTDVTTFE JO 1BQFS 7*
 UIF TJNVMBUFE UBHHFE BOE VOUBHHFE QIPUPO TJHOBMT EFQFOE
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PO TFWFSBM JOQVU QBSBNFUFST� ɨF TJNVMBUFE TJHOBMT EFQFOE FYQPOFOUJBMMZ PO UIF PQ�
UJDBM TDBUUFSJOH BOE BCTPSQUJPO DPFċDJFOUT
 BOE UIFTF UIFSFGPSF IBWF B MBSHF JNQBDU
PO UIF $/3T� "T JO UIF DBTF PG PUIFS JNBHJOH NPEBMJUJFT
 B USBEF�PĊ JT OFDFTTBSZ CF�
UXFFO JNBHF SFTPMVUJPO 	EFUFSNJOFE CZ UIF VMUSBTPVOE WPMVNF
 BOE JNBHJOH EFQUI�
ɨF NBYJNVN QFSNJTTJCMF MBTFS FYQPTVSF UP IVNBO UJTTVF JT HJWFO QFS DN2
 TP UIF
UPUBM MBTFS JOQVU QPXFS DBO CF JODSFBTFE BCPWF UIBU VTFE IFSF CZ JMMVNJOBUJOH B MBSHFS
UJTTVF BSFB� ɨF $/3T DBO CF JNQSPWFE CZ BMMPXJOH MPOHFS NFBTVSFNFOU UJNFT BOE
BWFSBHJOH� ɨF EFUFDUJPO FċDJFODZ IBT B TNBMM FĊFDU PO UIF $/3T� )PXFWFS
 UIF
SFMBUJWF JNBHJOH QFSGPSNBODF PG FBDI EFUFDUJPO NFUIPE JT HJWFO JO UIJT DPNQBSJTPO

XIJDI TIPVME OPU CF HSFBUMZ BĊFDUFE CZ DIBOHFT JO UIF QBSBNFUFST NFOUJPOFE BCPWF�

ó�ñ�ñ 3FTVMUT BOE EJTDVTTJPO

ɨF NBJO SFTVMUT PG UIJT DPNQBSJTPO PG $/3 BSF TIPXO JO 'JHVSF ó�ó� *U DBO CF TFFO
UIBU TQFDUSBM IPMF CVSOJOH IBT UIF QPUFOUJBM UP JNBHF HSFBUFS UJTTVF EFQUIT UIBO UIF
PUIFS NFUIPET JOWFTUJHBUFE� ɨJT JT EVF UP CFUUFS $/3 TDBMJOH
 BOE UIF MBSHF EFUFDUJPO
FUFOEVF� "U JNBHJOH EFQUIT < 2 DN
 UIF OPJTF JT EPNJOBUFE CZ UIF TIPU OPJTF PG
UIF UBHHFE QIPUPOT XJUI CPUI UIF 30 E# 	T6 = 10−3
 BOE 80 E# 	T6 = 10−8
 mMUFST

IFODF UIF $/3 JT UIF TBNF� "U JNBHJOH EFQUIT> 2 DN
 UIF TIPU OPJTF PG UIF VOUBHHFE
QIPUPOT TUBSUT UP EPNJOBUF XJUI UIF 30 E# mMUFS
 MFBEJOH UP B DIBOHF JO $/3 TDBMJOH

XIJMF JO UIF DBTF PG UIF 80 E# mMUFST UIF OPJTF JT TUJMM EPNJOBUFE CZ UBHHFE QIPUPOT
EPXO UP B EFQUI PG ∼ 5 DN� ɨF TJNVMBUFE NBYJNBM JNBHJOH EFQUI GPS UIJT DBTF JT
3.3 DN XJUI UIF 30 E# mMUFS BOE 4.5 DN XJUI UIF 80 E# mMUFS� ɨJT IJHIMJHIUT UIF
JNQPSUBODF PG JNQSPWJOH UIF mMUFS DPOUSBTU CFZPOE UIF 30 E# UIBU IBT CFFO VTFE JO
FYQFSJNFOUT TP GBS� *U TIPVME
 IPXFWFS
 CF OPUFE UIBU B USBOTNJTTJPO HFPNFUSZ 	XIFSF
JOQVU BOE EFUFDUJPO BSF PO PQQPTJUF TJEFT PG UIF UJTTVF
 XPVME SFMBY UIF SFRVJSFE mMUFS
DPOUSBTU GPS CFJOH JO UIF SFHJNF XIFSF UIF OPJTF JT EPNJOBUFE CZ UBHHFE QIPUPOT� *O
USBOTNJTTJPO NPEF
 UIF OVNCFST PG CPUI UBHHFE BOE VOUBHHFE QIPUPOT XJMM EFDSFBTF
XJUI JODSFBTJOH UIJDLOFTT PG UIF JNBHFE UJTTVF� ɨJT JT OPU UIF DBTF JO UIF SFnFDUJPO
NPEF VTFE IFSF 	'JHVSF ó�ò

 XIFSF POMZ UIF OVNCFS PG UBHHFE QIPUPOT EFDSFBTFT XJUI
JNBHJOH EFQUI�

ɨF VOUBHHFE QIPUPOT EPNJOBUF UIF OPJTF JO UIF DBTF PG UIF QIPUPSFGSBDUJWF EFUFDUJPO
TFU�VQ QSFTFOUFE IFSF� "MUIPVHI UIF NFUIPE IBT UIF TBNF FUFOEVF BOE CFUUFS EFUFD�
UPS FċDJFODZ UIBO TQFDUSBM IPMF CVSOJOH JO UIF DVSSFOU FYBNQMF
 UIF $/3 JT UIFSFGPSF
OPU BT HPPE BT JO UIF TQFDUSBM IPMF CVSOJOH NFUIPE� /PUF UIBU JO UIF QSFTFOUFE TJN�
VMBUJPO HFPNFUSZ
 UIF ∼ 2.3 DN JNBHJOH EFQUI BDIJFWFE FRVBUFT UP B TIPSUFTU QIPUPO
QBUI GSPN UIF PQUJDBM JOQVU UP EFUFDUJPO PG ∼ 5.3 DN� 4JODF UIF VOUBHHFE QIPUPOT
EPNJOBUF UIF OPJTF JO QIPUPSFGSBDUJWF EFUFDUJPO
 USBOTNJTTJPO NPEF XPVME CF NPSF
GBWPVSBCMF
 BOE GVSUIFS TUVEJFT DPVME CF QFSGPSNFE UP FWBMVBUF UIJT� ɨF DPODMVTJPO
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ESBXO GSPN UIF SFTVMUT JT UIBU QIPUPSFGSBDUJWF EFUFDUJPO DPVME MJLFMZ CF VTFE UP JNBHF
UJTTVF UIJDLOFTTFT TJHOJmDBOUMZ HSFBUFS UIBO ∼ 5.3 DN JO USBOTNJTTJPO HFPNFUSZ
 BT�
TVNJOH UIBU UIF PUIFS TJNVMBUJPO QBSBNFUFST BSF UIF TBNF� 1IPUPSFGSBDUJWF EFUFDUJPO
UIVT IBT HPPE QPUFOUJBM GPS IJHI $/3T BU TJHOJmDBOU UJTTVF EFQUIT�

)LJXUH ���� &RQWUDVW�WR�QRLVH UDWLRV RI WKH PHWKRGV LQYHVWLJDWHG� 1RWH WKDW WKH VFDOH RQ WKH \�D[LV LV ORJDULWK�
PLF� �,� 6SHFWUDO KROH EXUQLQJ DVVXPLQJ DQ XQWDJJHG ýOWHU WUDQVPLWWDQFH RI T6 = 10−3 �VROLG EOXH
OLQH� DQG T6 = 10−8 �GDVKHG EOXH OLQH�� �,,� 3KRWRUHIUDFWLYH GHWHFWLRQ DVVXPLQJ D SKRWRUHIUDFWLYH
HIýFLHQF\ RI ηQS = 0.10 �VROLG EODFN OLQH� DQG ηQS = 0.35 �GDVKHG EODFN OLQH�� �,,,� 6LQJOH�VKRW RII�D[LV
KRORJUDSK\ DVVXPLQJ D FDPHUD SL[HO FRXQW RI NQY = 1 0S[ �VROLG JUHHQ OLQH� DQG NQY = 50 0S[
�GDVKHG JUHHQ OLQH� �,9� 6SHFNOH FRQWUDVW DVVXPLQJ NQY = 1 0S[ �VROLG UHG OLQH� DQG NQY = 50 0S[
�GDVKHG UHG OLQH�� 7R EH DEOH WR GLVWLQJXLVK D GLIIHUHQFH LQ DEVRUSWLRQ� WKH &15 PXVW EH JUHDWHU
WKDQ 1� LQGLFDWHG E\ WKH KRUL]RQWDO GRWWHG EODFN OLQH�

ɨF DBNFSB�CBTFE NFUIPET 	PĊ�BYJT IPMPHSBQIZ BOE TQFDLMF DPOUSBTU
 IBWF B MPXFS
EFUFDUJPO FUFOEVF UIBO UIF PUIFS NFUIPET JOWFTUJHBUFE� )PXFWFS
 UIF FUFOEVF 	BOE
UIVT UIF $/3
 DPVME CF JNQSPWFE CZ JODSFBTJOH UIF QJYFM DPVOU JO UIF DBNFSB� ɨF BD�
DVSBUF QSFEJDUJPO PG UIF GVUVSF QFSGPSNBODF PG IJHI�QJYFM�DPVOU
 MPX�OPJTF
 " 1 L)[
GSBNF SBUF DBNFSBT JT PVUTJEF UIF TDPQF PG UIJT XPSL
 IPXFWFS
 TPNF PCTFSWBUJPOT DBO
CF NBEF� *ODSFBTJOH UIF QJYFM DPVOU XJMM MFBE UP UIF HFOFSBUJPO PG MBSHF BNPVOUT PG
EBUB UIBU NVTU CF USBOTGFSSFE GSPN UIF DBNFSB BOE UIFO BOBMZTFE 	GPS FYBNQMF
 CZ
QFSGPSNJOH 2% ''5T JO PĊ�BYJT IPMPHSBQIZ
� ɨF TQFDUSBM IPMF CVSOJOH BOE QIPUPSF�
GSBDUJWF NFUIPET QSPEVDF NVDI MFTT EBUB
 BOE UIF BOBMZTJT JT TJNQMFS EVF UP UIF VTF PG
TJOHMF�FMFNFOU EFUFDUPST� ɨF 605 GSBNF SBUF JT JNQPSUBOU TJODF BWFSBHJOH JNQSPWFT
UIF $/3
 BOE JU JT JNQPSUBOU UIBU UIFTFNFUIPET BSF OPU TMPXFE EPXOXIFO JODSFBTJOH
DBNFSB QJYFM DPVOUT� *O PĊ�BYJT IPMPHSBQIZ
 UIF BWFSBHF OVNCFS PG UBHHFE QIPUPOT
EFUFDUFE QFS QJYFM JT BMXBZT MFTT UIBO ∼ 1 JO UIF DVSSFOU FYBNQMF� ɨF NFUIPE JT UIFSF�
GPSF JO UIF VOGBWPVSBCMF $/3 TDBMJOH SFHJNF 	TFF 4FDUJPO ó�ð�ò
� &WFO JG UIF NFUIPE
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IBE B TJNJMBS FUFOEVF UP UIBU JO TQFDUSBM IPMF CVSOJOH
 UIF TBNF JNBHJOH EFQUIT DPVME
OPU CF BDIJFWFE� ɨF TQFDLMF DPOUSBTU NFUIPE FYIJCJU UIF MPXFTU $/3 PG UIF NFUI�
PET JOWFTUJHBUFE� ɨF SBOEPN WBSJBUJPOT JO TQFDLMF DPOUSBTU SBQJEMZ CFDPNFT MBSHFS
UIBO UIF TJHOBM XJUI JODSFBTJOH JNBHJOH EFQUI� ɨF PQUJNJTUJD BTTVNQUJPOT NBEF JO
EFSJWJOH &RVBUJPO 	ó�ö
 NFBO UIBU UIF JNBHJOH EFQUI JT QPUFOUJBMMZ PWFSFTUJNBUFE�

"T DPODMVEFE JO 1BQFS 7*
 UIF TQFDUSBM IPMF CVSOJOH NFUIPE BQQFBST UP CF WFSZ
QSPNJTJOH GPS 605 JO UFSNT PG JNBHJOH EFFQFS JOTJEF UIF IVNBO CPEZ
 QSPWJEFE
UIBU IJHI�DPOUSBTU mMUFST BU XBWFMFOHUIT TVJUBCMF GPS CJPNFEJDBM BQQMJDBUJPOT DBO CF
JEFOUJmFE�

ó�ò 6MUSBTPVOE PQUJDBM UPNPHSBQIZ VTJOH 1S3+�:24J05 mMUFST

ɨF 3)4�1%2 USBOTJUJPO JO 1S3+�:24J05 IBT TFWFSBM GBWPVSBCMF TQFDUSPTDPQJD QSPQFS�
UJFT UIBU IBWF FOBCMFE UIF QSFQBSBUJPO PG 53 E# DPOUSBTU mMUFST GPS B DPMMJNBUFE MBTFS
CFBN <ðï> BOE ∼ 30 E# DPOUSBTU mMUFST GPS FYQFSJNFOUBM 605 <ø>� "MUIPVHI UIF
606 ON PQFSBUJOH XBWFMFOHUI PG TVDI mMUFST JT OPU PQUJNBM GPS JNBHJOH JO SFBM CJP�
MPHJDBM UJTTVFT
 EVF UP QPPS QFOFUSBUJPO EFQUI
 NFBTVSFNFOUT PO UJTTVF QIBOUPNT BSF
VTFGVM GPS UIF GVSUIFS EFWFMPQNFOU PG UIF 605 UFDIOJRVF JO HFOFSBM�

ó�ò�ð 1SFQBSJOH TQFDUSBM IPMF CVSOJOH mMUFST JO 1S3+�:24J05

:UUSJVN PSUIPTJMJDBUF
 :24J05
 IBT CFFO GSFRVFOUMZ VTFE BT B SBSF�FBSUI�JPO IPTU GPS
BQQMJDBUJPOT BU DSZPHFOJD UFNQFSBUVSFT EVF UP UIF OBSSPX IPNPHFOFPVT MJOFXJEUIT
PGUFO PCTFSWFE JO UIJT IPTU� ɨJT JT CFDBVTF UIF NPTU BCVOEBOU JTPUPQFT PG 4J BOE 0
IBWF OP OVDMFBS NBHOFUJD NPNFOU
 BOE ZUUSJVN IBT B MPX OVDMFBS NBHOFUJD NPNFOU
PG −0.137µ/
 XIFSF µ/ JT UIF OVDMFBS NBHOFUPO <òó>� ɨJT NJOJNJ[FT IPNPHFOFPVT
MJOFXJEUI CSPBEFOJOH GPS UIF SBSF�FBSUI EPQBOUT EVF UP TQJO nJQT CZ IPTU JPOT� ɨF
DSZTUBM TZTUFN PG :24J05 JT NPOPDMJOJD
 BOE UIF DSZTUBM JT UIVT CJBYJBM
 XJUI UISFF
QSJODJQBM BYFT MBCFMMFE D1
 D2
 BOE C2
 XJUI TMJHIUMZ EJĊFSFOU SFGSBDUJWF JOEJDFT <õö>�
3BSF�FBSUI JPOT PDDVQZ UXP EJĊFSFOU TJUFT PG C1 TZNNFUSZ XJUI B ∼ 2 ON EJĊFSFODF
JO USBOTJUJPO XBWFMFOHUI� "MM GVSUIFS EJTDVTTJPO DPOTJEFST JPOT BU TJUF 1 XJUI USBOTJUJPO
GSFRVFODJFT BSPVOE 494.726 5)[ 	WBDVVN XBWFMFOHUI PG 605.977 ON
�

1S3+ IBT OVDMFBS TQJO I = 5/2
 BOE FBDI FMFDUSPOJD MFWFM DBO UIFSFGPSF TQMJU JOUP TJY
IZQFSmOF TUBUFT� )PXFWFS
 JO UIF BCTFODF PG B NBHOFUJD mFME
 UIFSF BSF UISFF EPVCMZ
EFHFOFSBUF MFWFMT� "O FOFSHZ MFWFM EJBHSBN TIPXJOH UIF IZQFSmOF TUSVDUVSF PG TJUF
1 PG UIF 3)4�1%2 USBOTJUJPO JT TIPXO JO 'JHVSF ó�ô	B
� ɨF PQUJDBM IPNPHFOFPVT
MJOFXJEUI JT ΓI ∼ 2 L)[ <õ÷>
 BOE UIF IZQFSmOF TUBUFT DBO IBWF MJGFUJNFT PG∼ 100 T <õø>

òõ



	NBHOFUJD mFME BOE UFNQFSBUVSF EFQFOEFOU
� 'PS B EPQJOH DPODFOUSBUJPO PG 0.05%

UIF QFBL BCTPSQUJPO DPFċDJFOUT BSF 3.6 DN−1
 47 DN−1
 BOE < 0.1 DN−1
 PG MJHIU
QPMBSJ[FE BMPOH D1
 D2
 BOE C2
 SFTQFDUJWFMZ <öï>�

)LJXUH ���� �D� (QHUJ\ OHYHO VWUXFWXUH RI WKH 3+4�1'2 WUDQVLWLRQ� �E� 2ULHQWDWLRQ DQG GLPHQVLRQV RI WKH
0.05%3U3+�<26L25 FU\VWDO XVHG IRU 827 PHDVXUHPHQWV�

ɨF 0.05%1S3+�:24J05 DSZTUBM VTFE JO UIJT XPSL JT B DVCPJE XJUI EJNFOTJPOT 10×
10×12 NN3� ɨF TJEFT BSF DVU QBSBMMFM UP UIF QSJODJQBM BYFT
 BT TIPXO JO 'JHVSF ó�ô	C
�
/PUF UIBU UIF C2 QSJODJQBM BYJT JT QBSBMMFM UP UIF DSZTUBM b�BYJT
 BOE JT UIFSFGPSF PGUFO
EFOPUFE BT UIF b�BYJT JOTUFBE� *O B 605 FYQFSJNFOU
 UIF CFBN UP CF mMUFSFE TIPVME
QSFGFSBCMZ QSPQBHBUF BMPOH UIF b�BYJT
 EVF UP UIF MPX BCTPSQUJPO PG MJHIU QPMBSJ[FE
BMPOH UIJT BYJT� 4JODF UIF BCTPSQUJPO JT POMZ IJHI GPS MJHIU QPMBSJ[FE BMPOH D2
 JU JT
OFDFTTBSZ UP VTF B QPMBSJ[FS CFGPSF UIF DSZTUBM UP BDIJFWF HPPE mMUFS DPOUSBTU� $POmH�
VSBUJPOT XJUI DSPTTFE DSZTUBMT NBZ FMJNJOBUF UIF OFFE GPS QPMBSJ[FST <ðï>
 CVU IBWF OPU
ZFU CFFO JOWFTUJHBUFE�

5P QSFQBSF 1 .)[ XJEF TRVBSF�TIBQFE 605 mMUFST
 B GSFRVFODZ�TDBOOFE QVMTF DBMMFE
B IZQFSCPMJD�TRVBSF�IZQFSCPMJD PS TFDITDBO QVMTF XBT VTFE <öð>� ɨJT JT B IZQFSCPMJD
TFDBOU 	TFDIZQ
 QVMTF XJUI B MJOFBS GSFRVFODZ TDBO JO UIF NJEEMF� ɨF QVMTF QBSBNFUFST
XFSF DIPTFO CBTFE PO TJNVMBUJPOT BOE FYQFSJNFOUT CZ .� %J
 TFF IFS .BTUFS�T UIFTJT
GPS NPSF EFUBJMT <öñ>� ɨF MJOFBS GSFRVFODZ TDBO XBT 0.92 .)[ EVSJOH 92�s� ɨF JO�
UFOTJUZ QSPmMF GPS UIF TFDIZQ FOWFMPQF 	'8).
 XBT 8�s
 BOE UIF TFDIZQ GSFRVFODZ
XJEUI XBT 80 L)[� ɨF UPUBM QVMTF EVSBUJPO XBT 140�s� *O UPUBM
 2000 PS 3900 TVDI
QVMTFT TFQBSBUFE CZ 200�s XFSF VTFE UP DSFBUF UIF mMUFST JO UIF 605 FYQFSJNFOUT EF�
TDSJCFE JO 4FDUJPO ó�ò�ó BOE 4FDUJPO ó�ò�ô
 SFTQFDUJWFMZ� ɨF EJBNFUFS PG UIF MBTFS CFBN
XBT TMJHIUMZ MBSHFS UIBO 10 NN
 BOE UIF QFBL QPXFS XBT ∼ 10 N8� ɨF QPMBSJ[BUJPO
XBT BMJHOFE QBSBMMFM UP UIF D2 BYJT�

òö



ó�ò�ñ 5JTTVF�NJNJDLJOH QIBOUPNT

1IBOUPNT UIBU NJNJD UIF QSPQFSUJFT PG CJPMPHJDBM UJTTVFT BSF JNQPSUBOU JO 605 NFB�
TVSFNFOUT
 BOE GPS DIBSBDUFSJ[JOH NFEJDBM JNBHJOH TZTUFNT JO HFOFSBM� ɨF UJTTVF�
NJNJDLJOH QIBOUPNT VTFE JO UIF QSFTFOU XPSL XFSF NBEF VTJOH EFJPOJ[FE XBUFS
 BHBS
QPXEFS
 *OUSBMJQJE�20% 	B GBU FNVMTJPO

 BOE *OEJB JOL
 BOE JOTQJSFE CZ UIF QSPDFEVSF
EFTDSJCFE CZ $VCFEEV FU BM� <öò>�

5P QSFQBSF QIBOUPNT XJUI IPNPHFOFPVT PQUJDBM QSPQFSUJFT
 BHBS QPXEFS BOE EFJPO�
J[FE XBUFS 	1 H QFS 97.5 NM
 XBT mSTU NJYFE JO B HMBTT CFBLFS� ɨF NJYUVSF XBT IFBUFE
VOEFS NBHOFUJD TUJSSJOH UP ∼ 95°$
 BOE LFQU BU UIJT UFNQFSBUVSF GPS BCPVU 1 IPVS�
ɨF IFBUJOH XBT UIFSFBGUFS UVSOFE PĊ
 XIJMF UIF TUJSSJOH DPOUJOVFE� 8IFO UIF NJY�
UVSF IBE DPPMFE UP ∼ 45°$
 UIF EFTJSFE BNPVOUT PG *OUSBMJQJE�20% BOE *OEJB JOL XBT
BEEFE� ɨF NJYUVSF XBT TUJSSFE GPS BOPUIFS 30 NJOVUFT BU ∼ 45°$
 CFGPSF CFJOH USBOT�
GFSSFE UP B DPOUBJOFS BOE TUPSFE JO B SFGSJHFSBUPS UP BMMPX TPMJEJmDBUJPO� ɨF QIPUPO
UJNF�PG�nJHIU TZTUFN EFWFMPQFE CZ UIF #JPQIPUPOJDT (SPVQ BU -VOE 6OJWFSTJUZ <öó>
XBT VTFE UP EFUFSNJOF UIF BCTPSQUJPO DPFċDJFOU BOE SFEVDFE TDBUUFSJOH DPFċDJFOU
	µB BOE µ′

T
 PG UIF QIBOUPN� 5ZQJDBMMZ
 *OUSBMJQJE�20% BOE XBUFS XFSF NJYFE JO UIF
SBUJP 1 : 39 UP PCUBJO TPMJE QIBOUPNT XJUI B SFEVDFE TDBUUFSJOH DPFċDJFOU PG BCPVU
6 DN−1 BU 606 ON� 3FGFSFODF WBMVFT GPS UIF PQUJDBM BCTPSQUJPO BOE SFEVDFE TDBUUFSJOH
PG *OUSBMJQJE BOE *OEJB�JOL�CBTFE MJRVJE QIBOUPNT DBO CF GPVOE JO UIF MJUFSBUVSF <öô>�

5P QSFQBSF QIBOUPNT XJUI PQUJDBMMZ BCTPSCJOH JODMVTJPOT
 UIF BCPWF QSPDFEVSF XBT
QFSGPSNFE MBZFS CZ MBZFS� " CPUUPN MBZFS XBT mSTU QSFQBSFE BOE TPMJEJmFE� "O BC�
TPSCJOH JODMVTJPO XBT DVU UP UIF EFTJSFE EJNFOTJPOT GSPN B TFQBSBUF QIBOUPN QSF�
QBSFE XJUI UIF TBNF TDBUUFSJOH QSPQFSUJFT
 CVU B EJĊFSFOU BCTPSQUJPO DPFċDJFOU� ɨF
BCTPSCJOH JODMVTJPO XBT QMBDFE PO UIF CPUUPN MBZFS� " NJYUVSF XJUI UIF TBNF PQUJDBM
QSPQFSUJFT BT UIF CPUUPN MBZFS XBT UIFO QSFQBSFE
 BOE QPVSFE PWFS UIF JODMVTJPO BOE
CPUUPN MBZFS
 BOE UIFO BMMPXFE UP TPMJEJGZ� &YBNQMFT PG UJTTVF�NJNJDLJOH QIBOUPNT
DPOUBJOJOH PQUJDBMMZ BCTPSCJOH JODMVTJPOT BSF TIPXO JO 'JHVSF ó�õ�

)LJXUH ���� ([DPSOHV RI WLVVXH�PLPLFNLQJ SKDQWRPV FXW WR PDNH WKH LQFOXVLRQ YLVLEOH� �D� $ WLVVXH�OLNH SKDQWRP
FRQWDLQLQJ DQ LQFOXVLRQ� �E� 7\SLFDO SKDQWRP XVHG LQ WKH 827 H[SHULPHQWV�
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ó�ò�ò 6MUSBTPVOE mFME

ɨF VMUSBTPOJD TPVSDF XBT BO &1*2�7 VMUSBTPVOE TDBOOFS VTFE XJUI UIF 95�1 PS -12�
3 USBOTEVDFST 	1IJMJQT .FEJDBM 4ZTUFNT 	1.4

 #PUIFMM
 8"
 64"
� ɨF VMUSBTPVOE
QVMTFT VTFE JO FBDI 605 FYQFSJNFOU XFSF DIBSBDUFSJ[FE CZ NPVOUJOH UIF USBOTEVDFS
BOE B OFFEMF IZESPQIPOF JO B XBUFS UBOL� ɨF BDPVTUJD QSFTTVSF XBT NFBTVSFE CZ
TZTUFNBUJDBMMZ TDBOOJOH UIF IZESPQIPOF�

ó�ò�ó $IBSBDUFSJ[BUJPO BOE NPEFMMJOH PG TJHOBM TUSFOHUIT

ɨFPSFUJDBM NPEFMT UIBU BDDVSBUFMZ QSFEJDU UIF TUSFOHUIT PG UBHHFE BOE VOUBHHFE TJH�
OBMT BSF VTFGVM GPS JNQSPWJOH PVS VOEFSTUBOEJOH PG UIF QPUFOUJBM JNBHJOH DBQBCJMJUJFT
PG BO PQUJNJ[FE 605 TFU�VQ� 4VDI NPEFMT XFSF EFWFMPQFE BOE WBMJEBUFE BHBJOTU FY�
QFSJNFOUBM NFBTVSFNFOUT
 BOE UIF SFTVMUT QSFTFOUFE JO 1BQFST *
 ***
 � *7� 5P FOTVSF
BDDVSBUF DPNQBSJTPOT XJUI UIFPSZ
 JU JT JNQPSUBOU UP QFSGPSN UIF FYQFSJNFOUT VO�
EFS XFMM DPOUSPMMFE DPOEJUJPOT
 XJUI B HPPE VOEFSTUBOEJOH PG FBDI QBSU PG UIF TFU�VQ�
ɨJT JODMVEFT DIBSBDUFSJ[JOH UIF PQUJDBM MPTT JO FBDI QBSU PG UIF TFU�VQ
 UIF EFUFDUPS
FċDJFODZ
 UIF BDPVTUJD QSFTTVSF EJTUSJCVUJPO PG UIF VMUSBTPVOE QVMTF
 BOE UIF PQUJDBM
QSPQFSUJFT PG UIF UJTTVF�NJNJDLJOH QIBOUPNT� ɨF NBJO 605 FYQFSJNFOUT BSF QSF�
TFOUFE CFMPX� %FUBJMT DPODFSOJOH FBDI DPNQPOFOU DBO CF GPVOE JO UIF QBQFST� 1BQFS
* JO QBSUJDVMBS�

&YQFSJNFOUBM TFU�VQ

ɨF FYQFSJNFOUT QSFTFOUFE JO 1BQFST *
 ***
 � *7 XFSF DBSSJFE PVU JO UIF USBOTNJTTJPO
HFPNFUSZ JMMVTUSBUFE JO 'JHVSF ó�ö� ɨF MBTFS TZTUFN QSPWJEFE TVC�L)[ MJOFXJEUI MJHIU
BU UIF 3)4�1%2 USBOTJUJPO XBWFMFOHUI� 0QUJDBM QVMTF TIBQJOH XBT QFSGPSNFE VTJOH
BDPVTUP�PQUJD NPEVMBUPST� " nJQ NJSSPS XBT VTFE UP TXJUDI CFUXFFO UIF CVSO BOE
QSPCF CFBNT UIBU XFSF VTFE UP QSFQBSF UIF DSZTUBM mMUFS
 BOE QSPCF UIF QIBOUPN

SFTQFDUJWFMZ� ɨF mMUFS XBT QSFQBSFE VTJOH 2000 PG UIF QVMTFT EFTDSJCFE JO 4FDUJPO ó�ò�ð�
ɨF USBOTNJTTJPO JO UIF mMUFS QBTTCBOE XBT 60%
 XIJMF UIF BUUFOVBUJPO BU B GSFRVFODZ
EFUVOJOH PG ≥ 1.6 .)[ XBT > 30 E#� "GUFS UIF mMUFS IBE CFFO QSFQBSFE
 UIF QIBOUPN
XBT QSPCFE VQ UP 100 UJNFT
 BGUFS XIJDI UIF mMUFS XBT SFGSFTIFE� &BDI VMUSBTPVOE
QVMTF XBT TZODISPOJ[FE TP BT UP BSSJWF BU UIF DFOUSF PG UIF QIBOUPN BU UIF TBNF UJNF
BT BO PQUJDBM QVMTF XJUI B QFBL QPXFS PG 25 N8
 BOE EVSBUJPO PG 1 �s XBT JODJEFOU
PO UIF QIBOUPN� ɨF QIBOUPN IBE EJNFOTJPOT PG 7.0×7.0×dQ DN3
 XIFSF dQ JT
UIF QIBOUPN UIJDLOFTT
 BOE IPNPHFOFPVT PQUJDBM QSPQFSUJFT 	BT HJWFO JO UIF mHVSF
DBQUJPOT
� " MJHIU HVJEF JO EJSFDU DPOUBDU XJUI UIF QIBOUPN UPHFUIFS XJUI MFOTFT
XBT VTFE UP DPMMFDU UIF QIPUPOT FNJUUFE GSPN UIF QIBOUPN
 BOE EJSFDU UIFN UPXBSET

òø



UIF DSZTUBM NPVOUFE JOTJEF UIF DSZPTUBU 	4QFDUSPNBH 4000�8
 0YGPSE *OTUSVNFOUT
 BU
2.17 ,� 4JODF 1S3+�:24J05 POMZ IBT IJHI BCTPSQUJPO BMPOH UIF D2 BYJT
 BOE UIVT POMZ
QSPWJEFT B HPPE mMUFS GPS POF PQUJDBM QPMBSJ[BUJPO
 QPMBSJ[FST XFSF VTFE CFGPSF BOE
BGUFS UIF DSZPTUBU� " NFDIBOJDBM TIVUUFS XBT VTFE UP QSPUFDUFE UIF TJHOBM EFUFDUPS
 B
QIPUPNVMUJQMJFS UVCF 	1.5

 GSPN PWFSFYQPTVSF EVSJOH mMUFS QSFQBSBUJPO�

Pr:YSO

Cryostat
Probe

Beamsplitter

BurnPulse 
shaping

Polarizer

�/2-plate

Polarizer

US focus
Phantom 

Reference 
detector

Flip mirrorBeamsplitter

US transducer

Light guide

Shutter

Laser 
system

Signal 
detector

PMT

Phantom thickness

)LJXUH ���� ([SHULPHQWDO VHW�XS XVHG WR PHDVXUH XOWUDVRXQG �86� WDJJHG VLJQDOV LQ WUDQVPLVVLRQ PRGH�
5HSULQWHG ZLWK SHUPLVVLRQ IURP 3DSHU , k2SWLFD 3XEOLVKLQJ *URXS�

ɨF PQUJDBM UISPVHIQVU PG UIF TFU�VQ XBT WFSZ MPX� .FBTVSFNFOUT TIPXFE UIBU POMZ
0.05% PG UIF QIPUPOT FNJUUFE GSPN UIF MJHIU HVJEF XFSF JODJEFOU PO UIF 1.5 EF�
UFDUPS� ɨF NBKPS GBDUPS DPOUSJCVUJOH UP QIPUPO MPTT XBT UIF DSZPTUBU� ɨJT JT B MBSHF
JOTUSVNFOU XJUI TNBMM XJOEPXT
 BOE JT GBS GSPN PQUJNBM GPS BQQMJDBUJPOT SFRVJSJOH B
IJHI FUFOEVF� ɨF BOPEF SBEJBOU TFOTJUJWJUZ PG UIF 1.5 EFUFDUPS XBT NFBTVSFE XJUI B
10 NN EJBNFUFS UPQ�IBU CFBN UP NJNJD UIF 605 FYQFSJNFOU� ɨJT BMMPXFE DPOWFS�
TJPO PG UIF EFUFDUPS PVUQVU DVSSFOU UP JODJEFOU PQUJDBM QPXFS� #BTFE PO UIF NFBTVSFE
BOPEF SBEJBOU TFOTJUJWJUZ
 UIF RVBOUVN FċDJFODZ XBT DBMDVMBUFE UP CF 1.7%� ɨJT TFU�
VQ XBT UIVT GBS GSPN JEFBM JO UFSNT PG EFUFDUJPO FċDJFODZ� ɨF EFUFDUJPO FċDJFODZ
XBT HSFBUMZ JNQSPWFE JO UIF FYQFSJNFOUT QSFTFOUFE JO 4FDUJPO ó�ò�ô
 BOE GVSUIFS JN�
QSPWFNFOUT BSF EJTDVTTFE JO 4FDUJPO ó�ó�

óï



%FQFOEFODF PG TJHOBM TUSFOHUI PO QIBOUPN UIJDLOFTT

ɨF UBHHFE TJHOBMT EFUFDUFE GSPN B 3.5 BOE B 6.8 DN UIJDL QIBOUPN BSF TIPXO JO
'JHVSF ó�÷	B
 BOE 	C

 SFTQFDUJWFMZ� *U XBT WFSJmFE UIBU VMUSBTPVOE�UBHHFE QIPUPOT XFSF
EFUFDUFE CZ TXJUDIJOH UIF VMUSBTPVOE TPVSDF PO BOE PĊ� 5JNF [FSP JO 'JHVSF ó�÷	B

BOE 	C
 DPSSFTQPOET UP UIF BSSJWBM UJNF PG UIF QSPCF QVMTF BU UIF SFGFSFODF EFUFDUPS�
ɨF VOUBHHFE QIPUPOT OPU BCTPSCFE CZ UIF DSZTUBM BMTP BSSJWFE WFSZ DMPTF UP UJNF [FSP�
)PXFWFS
 UIF UBHHFE QIPUPOT XFSF EFMBZFE CZ BCPVU 5.6�s� ɨFSFGPSF
 UIF TQFFE PG
MJHIU JO UIF mMUFS NBUFSJBM XBT ∼ 2000 N�T� "MUIPVHI UIF TJHOBM TUSFOHUIT XFSF MPX
EVF UP UIF MPX FċDJFODZ PG UIF TFU�VQ
 'JHVSF ó�÷	B
 TIPXT UIBU UIF IJHI�DPOUSBTU mMUFS
BMMPXFE GPS BMNPTU CBDLHSPVOE�GSFF NFBTVSFNFOUT PG UIF UBHHFE TJHOBM� ɨJT XBT VTFE
UP DIBSBDUFSJ[F UIF UBHHFE TJHOBM TUSFOHUI GPS EJĊFSFOU QIBOUPN UIJDLOFTTFT
 BT TIPXO
JO 'JHVSF ó�÷	D
� ɨF VOUBHHFE TJHOBM TUSFOHUI XBT BMTP NFBTVSFE CZ QSFQBSJOH UIF
mMUFS BU UIF GSFRVFODZ PG UIF VOUBHHFE QIPUPOT�
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)LJXUH ���� �D� 2SWLFDO SRZHU LQFLGHQW RQ WKH GHWHFWRU ZKHQ XVLQJ D 3.5 FP WKLFN SKDQWRP� �E� 2SWLFDO SRZHU
LQFLGHQW RQ WKH GHWHFWRU ZKHQ XVLQJ D 6.8 FP WKLFN SKDQWRP� 1RWH WKH GLIIHUHQFH LQ SRZHU VFDOHV�
�F� 7DJJHG DQG XQWDJJHG VLJQDOV IURP SKDQWRPV RI YDULRXV WKLFNQHVVHV� 7KH SKDQWRPV XVHG IRU
WKH PHDVXUHPHQWV SUHVHQWHG LQ WKLV ýJXUH KDG µB = 0.008 FP−1 DQG µ′T = 6.1 FP−1� 7KH XOWUDVRXQG
SXOVH KDG D FHQWUH IUHTXHQF\ RI 1.6 0+]� D SHDN FRPSUHVVLRQ DQG UDUHIDFWLRQ SUHVVXUH RI 4.3 DQG
2.0 03D� UHVSHFWLYHO\� DQG GLPHQVLRQV 4×4×2 PP3 �DW KDOI�SUHVVXUH�� 7KH VLJQDOV ZHUH REWDLQHG E\
DYHUDJLQJ 1000 SUREH SXOVHV� 7KH HUURU EDUV LQ �F� GLVSOD\ WKH VWDQGDUG HUURU� 7KH VWDQGDUG HUURUV
IRU WKH XQWDJJHG SKRWRQV DUH VPDOOHU WKDQ WKH V\PEROV DQG WKHUHIRUH QRW LQFOXGHG� $GDSWHG ZLWK
SHUPLVVLRQ IURP 3DSHU , k2SWLFD 3XEOLVKLQJ *URXS�

ɨF NFBTVSFE UBHHFE BOE VOUBHHFE TJHOBM TUSFOHUIT XFSF DPNQBSFE UP DBMDVMBUJPOT
VTJOH UIF 1% EJĊVTJPO BQQSPYJNBUJPO XJUI FYUSBQPMBUFE CPVOEBSZ DPOEJUJPOT� ɨF
VOUBHHFE TJHOBM MFWFMT XFSF NPEFMMFE BDDPSEJOH UP 8BOH <öõ>� /PUF UIBU UIJT DBMDVMB�
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UJPO DPOUBJOT OP mUUJOH QBSBNFUFST� ɨF UBHHFE TJHOBM XBTNPEFMMFE XJUI UIF BQQSPBDI
EFTDSJCFE CZ 8BMUIFS FU BM� <ö>� ɨF QIPUPO nVFODF <DN−2> EVF UP B TNBMM�EJBNFUFS
MBTFS CFBN XBT DBMDVMBUFE BU UIF QPTJUJPO PG UIF VMUSBTPVOE QVMTF� ɨF nVFODF XBT
NVMUJQMJFE CZ B GBDUPS κ
 XIJDI EFUFSNJOFE UIF OVNCFS PG UBHHFE QIPUPOT MPDBUFE
BU UIF VMUSBTPVOE QPTJUJPO� /PUF UIBU UIF DSPTT�TFDUJPOBM BSFB PG UIF VMUSBTPVOE QVMTF
JT TJHOJmDBOUMZ TNBMMFS UIBO 1 DN2
 BOE UIBU κ TIPVME OPU EJSFDUMZ CF JOUFSQSFUFE BT
UIF GSBDUJPO PG QIPUPOT UIBU QBTT UISPVHI UIF VMUSBTPVOE QVMTF UIBU CFDPNF UBHHFE�
ɨF 1% EJĊVTJPO BQQSPYJNBUJPO XBT PODF BHBJO VTFE UP DBMDVMBUF UIF nVY BDSPTT UIF
QIBOUPN CPVOEBSZ BU UIF MJHIU HVJEF QPTJUJPO� ɨF USBOTNJUUBODF PG UIF TFU�VQ XBT
UIFO UBLFO JOUP BDDPVOU UP PCUBJO UIF SFTVMUT TIPXO JO 'JHVSF ó�÷	D
� (PPE BHSFFNFOU
XBT PCUBJOFE CFUXFFO UIF TJNVMBUJPO BOE FYQFSJNFOUBM EBUB XJUI κ= 0.026 DN2�

ɨF FYQFSJNFOUBMMZ mUUFE NPEFM XBT VTFE UP DBMDVMBUF UIF UBHHFE TJHOBM TUSFOHUIT
JO B UIFPSFUJDBMMZ PQUJNJ[FE TFU�VQ VTJOH PQUJDBM QSPQFSUJFT TJNJMBS UP NVTDMF 	µB =
0.2 DN−1 BOE µ′

T = 5 DN−1
 TFF $IBQUFS ñ
 BOE CSFBTU UJTTVF 	µB = 0.05 DN−1 BOE
µ′
T = 11 DN−1 <öö>
� *O UIF PQUJNJ[FE TFU�VQ
 JU XBT BTTVNFE UIBU UIF USBOTNJTTJPO

GSPN UIF MJHIU HVJEF PVUQVU UP UIF EFUFDUPS 	TFF 'JHVSF ó�ö
 XBT JNQSPWFE UP 20%�
ɨF MBTFS QPXFS XBT JODSFBTFE UP UIF NFEJDBM TBGFUZ MJNJU BTTVNJOH B 1 DN2 BSFB PG
MBTFS JSSBEJBUJPO BOE B 25 L)[ QSPCF SFQFUJUJPO SBUF� ɨF mMUFS USBOTNJUUBODF PG UIF
±1TU PSEFS UBHHFE QIPUPOT XBT TFU UP 100%�

ɨF DBMDVMBUFE UBHHFE TJHOBMT GPS UIJT PQUJNJ[FE TFU�VQ BSF TIPXO JO 'JHVSF ó�ø
 JO�
EJDBUJOH UIBU 100 UBHHFE QIPUPOT XPVME CF JODJEFOU PO UIF EFUFDUPS QFS QSPCF QVMTF
UISPVHI 9 DN PG NVTDMF BOE 12 DN PG CSFBTU UJTTVF� ɨF VMUSBTPVOE QVMTF EFQUI XBT
BTTVNFE UP CF IBMG UIF UJTTVF UIJDLOFTT JO UIF DBMDVMBUJPOT 	BT JO UIF FYQFSJNFOUBM
NFBTVSFNFOUT
� *G UIF mMUFS JT BTTVNFE UP TVQQSFTT UIF VOUBHHFE QIPUPOT UP B QPJOU
XIFSF UIF OPJTF JT EPNJOBUFE CZ UBHHFE QIPUPOT
 UIF TIPU�OPJTF MJNJUFE 4/3 GPS B
TJOHMF�QPJOU NFBTVSFNFOU DPVME CF FTUJNBUFE BT UIF TRVBSF SPPU PG UIF UPUBM OVNCFS
PG EFUFDUFE UBHHFE QIPUPOT� "TTVNJOH B 15% EFUFDUPS RVBOUVN FċDJFODZ BOE UIF
BWFSBHF PG 200 TJHOBMT 	XIJDI XPVME UBLF 8 NT BU UIF 25 L)[ QSPCF SBUF

 BO 4/3 PG
BCPVU 55 DPVME CF PCUBJOFE GPS UIF DBMDVMBUFE TJHOBM MFWFM PG 100 UBHHFE QIPUPOT QFS
QSPCF QVMTF� *U TIPVME CF CPSOF JO NJOE UIBU UIF BCJMJUZ UP EFUFDU DIBOHFT JO UIF TJH�
OBM JT NPSF SFMFWBOU JO 605 	TFF EJTDVTTJPO PO $/3 JO 4FDUJPO ó�ð�ð
� )PXFWFS
 UIF
QPUFOUJBM PG TJHOBMT PG ∼ 100 UBHHFE QIPUPOT QFS QSPCF QVMTF UISPVHI ∼ 10 DN UIJDL
UJTTVFT 	∼ 5 DN VMUSBTPVOE EFQUI
 TFFNT QSPNJTJOH� "T DPODMVEFE JO 1BQFS *
 UIFTF
SFTVMUT BMMPX VT UP BTTFSU UIF QPUFOUJBM UP JNBHF EFFQ JOTJEF IVNBO UJTTVF XJUI HSFBU
DPOmEFODF
 BOE JT JNQPSUBOU GPS GVUVSF FYQFSJNFOUBM BOE UIFPSFUJDBM DPNQBSJTPOT�
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)LJXUH ���� 6LPXODWHG QXPEHU RI WDJJHG SKRWRQV LQFLGHQW RQ WKH GHWHFWRU SHU SUREH SXOVH IRU DQ RSWLPL]HG
827 WUDQVPLVVLRQ JHRPHWU\� 7KH XOWUDVRXQG GHSWK IURP ZKLFK WDJJHG SKRWRQV DUH JHQHUDWHG ZDV
VHW WR KDOI WKH WLVVXH WKLFNQHVV� 5HSULQWHG ZLWK SHUPLVVLRQ IURP 3DSHU , k2SWLFD 3XEOLVKLQJ *URXS�

4JHOBM TUSFOHUI GPS BSCJUSBSZ BDPVTUJD mFMET

" MJNJUBUJPO PG UIF SFTVMUT QSFTFOUFE JO 1BQFS *
 JT UIBU UIFZ BSF CBTFE PO UIF GSFF
QBSBNFUFS
 κ
 EFTDSJCJOH UIF FċDJFODZ PG UIF UBHHJOH QSPDFTT
 XIJDI EFQFOET PO UIF
QBSUJDVMBS VMUSBTPVOE QVMTF VTFE 	BDPVTUJD QFBL QSFTTVSF
 WPMVNF
 GSFRVFODZ
 FUD�
� "
NPEFM UIBU DBMDVMBUFT UIF TJHOBM TUSFOHUIT GSPN mSTU QSJODJQMF GPS BSCJUSBSZ BDPVTUJD
mFMET JT EFTJSBCMF� ɨJT XBT JOWFTUJHBUFE CZ NFBTVSJOH UIF JOUFOTJUJFT PG UIF +1TU BOE
+2OE PSEFS UBHHFE TJEFCBOET
 BOE VOUBHHFE DBSSJFST
 BT B GVODUJPO PG BDPVTUJD QFBL
QSFTTVSF GPS WBSJPVT VMUSBTPVOE QVMTF WPMVNFT BOE GSFRVFODJFT
 BOE DPNQBSJTPO XJUI
TJNVMBUJPOT� ɨF SFTVMUT BSF QSFTFOUFE JO 1BQFST *** � *7�

ɨF UBHHFE GSBDUJPO ηO XBT EFmOFE BT�

ηO =
IO

I3FG
	ó�ðð


XIFSF IO JT UIF JOUFOTJUZ NFBTVSFE JO UIF n�UI TJEFCBOE
 BOE I3FG JT UIF JOUFOTJUZ NFB�
TVSFE JO UIF VOUBHHFE DBSSJFS XJUIPVU UIF VMUSBTPVOE QVMTF QSFTFOU JO UIF QIBOUPN�
ɨF UPUBM UBHHFE GSBDUJPO ηBMM XBT EFmOFE BT�

ηBMM =
I3FG− Iï

I3FG
	ó�ðñ


&YBNQMFT PG NFBTVSFNFOUT VTJOH B 1.6 .)[ DFOUSF GSFRVFODZ VMUSBTPVOE QVMTF XJUI
EJNFOTJPOT 4×4×2 NN3 	BU IBMG QSFTTVSF
 BSF TIPXO JO 'JHVSF ó�ðï� ɨF NFBTVSFE

óò



WBMVFT BSF DPNQBSFE XJUI TJNVMBUJPOT GSPN mSTU QSJODJQMF VTJOH UIF .POUF $BSMP�
CBTFE UBHHJOH NPEFM CSJFnZ EFTDSJCFE JO 4FDUJPO ó�ñ�ð� 'PS GVSUIFS EFUBJMT
 TFF 1BQFS
***
 BOE UIF TJNVMBUJPO DPEF <õñ>� *O HFOFSBM
 HPPE BHSFFNFOU XBT TFFO CFUXFFO UIF
TJNVMBUJPO 	CMVF MJOFT
 BOE UIF NFBTVSFE WBMVFT 	TZNCPMT
 GPS UIF UBHHFE GSBDUJPOT�
)PXFWFS
 BU IJHIFS VMUSBTPVOE QFBL QSFTTVSFT 	> 1 .1B

 UIFSF XBT B EJTDSFQBODZ
CFUXFFO UIF NFBTVSFE BOE TJNVMBUFE WBMVFT PG UIF UPUBM UBHHFE GSBDUJPO ηBMM� 'VSUIFS
NFBTVSFNFOUT VTJOH TNBMMFS VMUSBTPVOE WPMVNFT BOE�PS B 3.5 .)[ VMUSBTPVOE DFOUSF
GSFRVFODZ TIPXFE TJNJMBS SFTVMUT
 XJUI HPPE BHSFFNFOU CFUXFFO UIF TJNVMBUFE BOE
NFBTVSFE WBMVFT PG ηð BOE ηñ
 CVU B MPXFS WBMVF PG ηBMM UIBO UIF NFBTVSFE WBMVFT
	1BQFS ***
� "T ZFU
 UIFSF JT OP FYQMBOBUJPO GPS UIJT EJTDSFQBODZ
 BOE UIJT NVTU CF
GVSUIFS JOWFTUJHBUFE�

)LJXUH ����� 7DJJHG IUDFWLRQ LQ �D� DOO VLGHEDQGV �E� WKH +1VW RUGHU VLGHEDQG �F� WKH +2QG RUGHU VLGHEDQG� 7KH
V\PEROV DUH H[SHULPHQWDO GDWD� ZLWK HUURU EDUV VKRZLQJ RQH VWDQGDUG GHYLDWLRQ� 7KH EOXH OLQHV DUH
WKH VLPXODWHG WDJJHG IUDFWLRQV ZLWK WKH VKDGHG DUHD VKRZLQJ WKH VWDQGDUG HUURU� $Q XOWUDVRXQG
SXOVH ZLWK D FHQWUH IUHTXHQF\ RI 1.6 0+]� DQG GLPHQVLRQV RI 4×4×2 PP3 �DW KDOI SUHVVXUH� ZDV
XVHG� 7KH SKDQWRP ZDV dQ = 3.8 FP WKLFN� ZLWK µB = 0.008 FP−1 DQG µ′T = 6.4 FP−1� 7KH VLJQDOV
IRU HDFK XOWUDVRXQG SHDN SUHVVXUH ZDV REWDLQHG E\ DYHUDJLQJ 1000 SUREH SXOVHV� $GDSWHG ZLWK
SHUPLVVLRQ IURP 3DSHU ,,, k2SWLFD 3XEOLVKLQJ *URXS�

ɨF ∼ 30% EFDSFBTF JO UIF DBSSJFS JOUFOTJUZ XIFO BQQMZJOH UIF VMUSBTPVOE mFME TFFO JO
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'JHVSF ó�ðï	B

 NFBOT UIBU B WFSZ MBSHF GSBDUJPO PG QIPUPOT QBTTJOH UISPVHI UIF VMUSB�
TPVOE QVMTF BSF UBHHFE� ɨJT XBT JOJUJBMMZ TVSQSJTJOH� )PXFWFS
 B TUVEZ CZ )VBOH FU
BM� <õò> BMTP TIPXFE IJHI UBHHJOH FċDJFODJFT� *O UIFJS NFBTVSFNFOUT
 70% PG UIF QIP�
UPOT UIBU USBWFSTFE UIF VMUSBTPVOE XFSF UBHHFE VTJOH B 1 .)[ VMUSBTPVOE GSFRVFODZ
XJUI 0.47 .1B QFBL QSFTTVSF�

ɨF SFTVMUT JO 'JHVSF ó�ðï BMTP TIPX UIBU UIFSF DBO CF TJHOJmDBOU TJHOBM JO UIF 2OE
PSEFS UBHHFE TJEFCBOET� ɨFTF BSF QIPUPOT UIBU BSF TIJGUFE UXJDF CZ UIF GVOEBNFO�
UBM VMUSBTPVOE GSFRVFODZ
 PS PODF CZ UIF IBSNPOJD PG UIF VMUSBTPVOE QVMTF� ɨFSF
NBZ BMTP CF TPNF TJHOBM JO UIF 3SE PSEFS TJEFCBOET
 BMUIPVHI UIFTF QIPUPOT XFSF
OPU NFBTVSFE� 1SFQBSJOH mMUFST UIBU USBOTNJU CPUI UIF ±1TU BOE ±2OE PSEFS UBHHFE
QIPUPOT DPVME UIVT CF DPOTJEFSFE UP NBYJNJ[F UIF TJHOBM� *NBHJOH XJUI 2OE PSEFS
UBHHFE QIPUPOT IBT CFFO QFSGPSNFE UP BDIJFWF CFUUFS TQBUJBM SFTPMVUJPO <ö÷>� 6TJOH
UIF 2OE PSEFS XPVME BMTP SFEVDF UIF SFRVJSFNFOUT PO UIF TQFDUSBM IPMF CVSOJOH mMUFS
CBOEXJEUI
 BOE DPVME CF JOWFTUJHBUFE GVSUIFS�

.FBTVSFNFOUT PG UIF UBHHFE GSBDUJPOT XFSF QSFTFOUFE BCPWF
 BOE JO 1BQFS ***� )PX�
FWFS
 JU TIPVME CF OPUFE UIBU UIF .POUF $BSMP�CBTFE UBHHJOH TJNVMBUJPO DBO CF VTFE UP
DBMDVMBUF UIF BCTPMVUF OVNCFS PG UBHHFE BOE VOUBHHFE QIPUPOT 	BT EPOF JO UIF $/3
DPNQBSJTPO QSFTFOUFE JO 1BQFS 7*
� ɨF .POUF $BSMP�CBTFE UBHHJOH TJNVMBUJPO XBT
DPNQBSFE UP UIF SFTVMUT TIPXO JO 'JHVSF ó�÷ 	JO VOQVCMJTIFE DBMDVMBUJPOT CZ %� )JMM
�
ɨF .POUF $BSMP TJNVMBUJPO VOEFSFTUJNBUFE UIF OVNCFS PG +1TU PSEFS UBHHFE BOE
VOUBHHFE QIPUPOT CZ B GBDUPS PG < 1.5 DPNQBSFE UP UIF FYQFSJNFOUBM NFBTVSFNFOUT
BOE EJĊVTJPO FRVBUJPO DBMDVMBUJPOT� " mSTU�QSJODJQMF NPEFM UIBU QSFEJDUT UIF UBHHFE
BOE VOUBHHFE 605 TJHOBMT UP UIJT BDDVSBDZ JT VTFGVM GPS UIFPSFUJDBM JOWFTUJHBUJPOT PG
UIF JNBHJOH DBQBCJMJUJFT PG 605 JO WBSJPVT NFEJDBM BQQMJDBUJPOT� 1BQFS *7 EFTDSJCFT
IPX UIF NPEFM DPVME CF FYUFOEFE
 GSPN TJNVMBUJOH TJOHMF�QPJOU NFBTVSFNFOUT
 UP
1% JNBHFT 	PS NPSF
 PG JOIPNPHFOFPVTMZ BCTPSCJOH UJTTVFT�

ó�ò�ô *NBHJOH PG PQUJDBMMZ BCTPSCJOH JODMVTJPOT

ɨJT TFDUJPO QSFTFOUT QSFMJNJOBSZ EBUB GSPN 605 JNBHJOH FYQFSJNFOUT PO PQUJDBMMZ
BCTPSCJOH JODMVTJPOT JOTJEF TDBUUFSJOH QIBOUPNT� 5SBOTNJTTJPONPEF IBT CFFO VTFE JO
605NFBTVSFNFOUT VTJOH TQFDUSBM IPMF CVSOJOH EFUFDUJPO QSFTFOUFE JO UIF MJUFSBUVSF

XIFSFBT SFnFDUJPO NPEF XBT VTFE IFSF
 BT JU XBT EFFNFE NPSF HFOFSBMMZ BQQMJDBCMF
GPS NPTU NFEJDBM BQQMJDBUJPOT�

óô



&YQFSJNFOUBM TFU�VQ

ɨF TBNF MBTFS BOE QVMTF TIBQJOH TZTUFN XBT VTFE JO UIFTF FYQFSJNFOUT BT JO UIF USBOT�
NJTTJPO NPEF NFBTVSFNFOUT QSFTFOUFE JO 4FDUJPO ó�ò�ó� ɨFSF BSF
 IPXFWFS
 TPNF LFZ
EJĊFSFODFT
 BT TIPXO JO 'JHVSF ó�ðð� " TJHOJmDBOUMZ IJHIFS DPMMFDUJPO FċDJFODZ XBT
BDIJFWFE CZ VTJOH B TNBMM
 IJHI FUFOEVF DSZPTUBU 	0QUJTUBU $'7
 0YGPSE *OTUSVNFOUT


BOE QSFQBSJOH UIF mMUFS JO UIF DSZTUBM XJUI B MBTFS CFBN QSPQBHBUJOH BU 90° UP UIF 605
TJHOBM CFBN� "CPVU 6% PG UIF QIPUPOT FNJUUFE GSPN UIF MJHIU HVJEF SFBDIFE UIF EF�
UFDUPS� ɨJT JT B GBDUPS PG ∼ 100 JNQSPWFNFOU DPNQBSFE XJUI UIF TFU�VQ EFTDSJCFE JO
4FDUJPO ó�ò�ó� ɨF TBNF 1.5 EFUFDUPS XJUI B RVBOUVN FċDJFODZ PG 1.7%
 XBT VTFE�

)LJXUH ����� ([SHULPHQWDO VHW�XS XVHG IRU 827 VWXGLHV LQ UHþHFWLRQ PRGH� 867� XOWUDVRQLF WUDQVGXFHU�

ɨF TQFDUSBM mMUFS XBT QSFQBSFE VTJOH 3900 PG UIF QVMTFT EFTDSJCFE JO 4FDUJPO ó�ò�ð� ɨF
DSZTUBM XBT DPPMFE UP B UFNQFSBUVSF PG ∼ 5 ,� " NBHOFUJD mFME PG UIF PSEFS PG 10 N5
XBT BQQMJFE BDSPTT UIF DSZTUBM UP JODSFBTF UIF IZQFSmOF MJGFUJNFT
 BOE UIVT UIF mMUFS
MJGFUJNF� ɨF mMUFS DPOUSBTU JO UIJT TFU�VQ XBT ∼ 25−30 E# XJUI 80% USBOTNJTTJPO
XJUIJO UIF mMUFS QBTTCBOE�

óõ



" MJOFBS BSSBZ VMUSBTPVOE USBOTEVDFS 	1IJMJQT -12�3
 XJUI BO FMFDUSPOJDBMMZ TDBOOJOH
GPDVT XBT VTFE� ɨJT BMMPXFE 2% JNBHFT JO UIF y z�QMBOF 	TFF 'JHVSF ó�ðð
 UP CF TDBOOFE
QPJOU�CZ�QPJOU
 CZ TZODISPOJ[JOH UIF EFMJWFSZ PG UIF PQUJDBM QVMTF UP EJĊFSFOU VMUSB�
TPVOE QVMTF MPDBUJPOT JO UIF QIBOUPN� ɨF PQUJDBM QSPCF QVMTFT IBE B QFBL QPXFS PG
20 N8
 B EVSBUJPO PG 1�s
 BOE BO JOQVU CFBN EJBNFUFS PG BCPVU 1 NN� ɨF VMUSB�
TPVOE BOE PQUJDBM QVMTF SFQFUJUJPO SBUF XBT 7.4 L)[� 5ZQJDBMMZ
 37×25 JNBHF WPYFMT
TFQBSBUFE CZ 0.75 NN JO CPUI UIF y BOE z EJSFDUJPOT XFSF BDRVJSFE
 BGUFS XIJDI UIF
mMUFS XBT SFGSFTIFE� ɨF VMUSBTPVOE GSFRVFODZ XBT 6.0 .)[� ɨF VMUSBTPVOE QVMTF
WPMVNF BOE QFBL QSFTTVSF WBSJFE EFQFOEJOH PO UIF JNBHJOH EFQUI
 XIJDI JT OPU PQ�
UJNBM TJODF JU NBZ DBVTF VOXBOUFE UBHHFE TJHOBM BOE SFTPMVUJPO WBSJBUJPOT BDSPTT UIF
JNBHF� 'VUVSF FYQFSJNFOUT XPVME MJLFMZ CFOFmU GSPN CFUUFS DPOUSPM PG UIF VMUSBTPVOE
QVMTF TIBQF JO FBDI JNBHF WPYFM� "U BO JNBHJOH EFQUI PG 15 NN
 UIF VMUSBTPVOE
QSFTTVSF EJTUSJCVUJPO XBT (BVTTJBO XJUI B QFBL QPTJUJWF QSFTTVSF PG 3.8 .1B BOE EJ�
NFOTJPOT PG 1.9× 2.1× 0.75 NN3 	'8).
� "U BO JNBHJOH EFQUI PG 30 NN
 UIF
QFBL QPTJUJWF QSFTTVSF XBT 3.8 .1B� ɨF QSFTTVSF EJTUSJCVUJPO XBT (BVTTJBO BMPOH y
BOE z XJUI '8). EJNFOTJPOT PG 2.3 NN BOE 1.1 NN
 SFTQFDUJWFMZ� ɨF QSFTTVSF
EJTUSJCVUJPO BMPOH x 	QFSQFOEJDVMBS UP UIF VMUSBTPVOE BSSBZ
 IBE B DFOUSBM QBSU XIJDI
XBT (BVTTJBO XJUI B '8). PG 0.7 NN� )PXFWFS
 JU BMTP IBE 3.7 NN XJEF TVQFS
(BVTTJBO XJOHT XJUI B QSFTTVSF PG BCPVU 40% PG UIF QFBL QSFTTVSF�

ɨF JNBHJOH EBUB QSFTFOUFE JO UIJT UIFTJT
 XFSF PCUBJOFE VTJOH B 9.5×9.5×4.3 DN3

QIBOUPNXJUIµB ≈ 0.025 DN−1 BOEµ′
T ≈ 7.1 DN−1� "O JODMVTJPO XJUI UIF EJNFOTJPOT

55×5.5×5.5 NN3
 BOE µB ≈ 0.9 DN−1 XBT BEEFE TVDI UIBU JU XBT DFOUSFE BU B EFQUI
PG 13.5 PS 29.5 NN EFQFOEJOH PO XIFUIFS UIF QIBOUPN XBT JNBHFE GSPN UIF UPQ PS
CPUUPN�

*NBHJOH SFTVMUT

'JHVSF ó�ðñ TIPXT EBUB GSPN B 2% TDBO PG UIF JODMVTJPO DFOUSFE BU B EFQUI PG 13.5 NN
JO UIF QIBOUPN� ɨF JNBHF XBT BWFSBHFE 400 UJNFT UP JNQSPWF UIF $/3� ɨF TJHOBM
GSPN B TJOHMF WPYFM BU z = 4 NN BOE y = 0 NN JT TIPXO JO 'JHVSF ó�ðñ	B
� ɨF
TMPX MJHIU EFMBZ JT BCPVU 1.5�s
 XIJDI JT TIPSUFS UIBO UIBU JO UIF TFU�VQ EJTDVTTFE
JO 4FDUJPO ó�ò�ó� ɨF IJHIFS DSZTUBM UFNQFSBUVSF JT CFMJFWFE UP CF UIF DBVTF PG UIF
QPPSFS mMUFS QFSGPSNBODF� *U TIPVME CF OPUFE UIBU
 BU BO JNBHJOH EFQUI PG 4 NN
 UIF
TIPSUFTU QBUI GSPN UIF PQUJDBM JOQVU UP UIF MJHIU HVJEF JT BCPVU 3.8 DN JO UIF SFnFDUJPO
HFPNFUSZ VTFE IFSF 	TFF 'JHVSF ó�ðð
� ɨF WFSUJDBM CMBDL EPUUFE MJOFT JO 'JHVSF ó�ðñ	B

JOEJDBUF UIF UJNF XJOEPX VTFE UP DBMDVMBUF UIF TJHOBM QIPUPOT JO UIF PUIFS QBSUT PG
'JHVSF ó�ðñ� %BUB XFSF BMTP BDRVJSFE XJUIPVU UIF VMUSBTPVOE QVMTF QSFTFOU JO UIF
QIBOUPN UP FTUJNBUF BOE TVCUSBDU UIF TNBMM CBDLHSPVOE PG VOUBHHFE QIPUPOT GSPN
UIF EBUB�

óö



ɨF PQUJDBMMZ BCTPSCJOH JODMVTJPO JT TFFO BT B EFDSFBTF JO UIF OVNCFS PG QIPUPOT EF�
UFDUFE JO 'JHVSF ó�ðñ	C
�	E
� )PXFWFS
 UIFSF BSF TJHOJmDBOU TJHOBM WBSJBUJPOT BDSPTT
UIF JNBHF OPU DBVTFE CZ UIF JODMVTJPO
 BT UIF EJSFDU QBUI MFOHUI CFUXFFO UIF PQUJDBM
JOQVU BOE UIF MJHIU HVJEF WJB FBDI JNBHF WPYFM JT OPU JEFOUJDBM GPS BMM WPYFMT� ɨVT
 UIF
TJHOBM EFDSFBTFT UPXBSET UIF FEHFT PG UIF JNBHF 	BMPOH y
 DPNQBSFE UP UIF DFOUSF
 BOE
BU HSFBUFS JNBHJOH EFQUIT
 BT DBO CF TFFO JO 'JH ó�ðñ	D
 BOE 'JH ó�ðñ	E

 SFTQFDUJWFMZ�
.FUIPET GPS UIF SFNPWBM PG UIFTF VOXBOUFE TJHOBM WBSJBUJPOT UP PCUBJO BO JNBHF UIBU
NPSF BDDVSBUFMZ SFQSFTFOUT UIF USVF PQUJDBM BCTPSQUJPO PG UIF QIBOUPN BSF EFTJSBCMF�

)LJXUH ����� 827 PHDVXUHPHQWV RQ D SKDQWRP ZLWK µB ≈ 0.025 FP−1 DQG µ′T ≈ 7.1 FP−1� FRQWDLQLQJ D 55×5.5×
5.5 PP3 ODUJH LQFOXVLRQ ZLWK µB ≈ 0.9 FP−1� FHQWUHG DW D GHSWK RI z = 13.5 PP� $OO WKH GDWD ZHUH
WDNHQ DW x = 0 PP� 7KH DYHUDJH QXPEHU RI SKRWRQV LQFLGHQW RQ WKH GHWHFWRU SHU SUREH SXOVH LV
UHIHUUHG WR DV SKRWRQV RQ WKH ýJXUH D[HV� 7KH GDWD ZHUH DYHUDJHG ��� WLPHV� �D� 6LJQDO IURP WKH
YR[HO ORFDWHG DW y = 0 PP DQG z = 4 PP� 7KH YHUWLFDO EODFN GRWWHG OLQHV LQGLFDWH WKH WLPH ZLQGRZ
XVHG WR FDOFXODWH WKH VLJQDO LQ WKH RWKHU SDUWV RI WKH ýJXUH� �E� 2' LPDJH� ZKHUH WKH SRVLWLRQ RI
WKH LQFOXVLRQ LV LQGLFDWHG E\ WKH ZKLWH GDVKHG VTXDUH� �F� 1' VFDQ DORQJ y DW D GHSWK RI z = 13.5 PP
�G� 1' VFDQ DORQJ z DW y = 0 PP� 7KH EURZQ GRW�GDVKHG OLQH LV DQ H[SRQHQWLDO IXQFWLRQ DGGHG WR
JXLGH WKH H\H� DQG DQG PDNH LW HDVLHU WR VHH WKH GHFUHDVH LQ WKH VLJQDO GXH WR WKH LQFOXVLRQ� ,Q �F�
DQG �G�� WKH SRVLWLRQ RI WKH LQFOXVLRQ LV LQGLFDWHG E\ WKH JUH\ VKDGHG DUHD�

0OF NFUIPE PG SFNPWJOH UIFTF TJHOBM WBSJBUJPOT BMPOH UIF y EJSFDUJPO JT UP NFDIBOJ�
DBMMZ NPWF UIF PQUJDBM JOQVU
 MJHIU HVJEF
 BOE VMUSBTPVOE USBOTEVDFS 	XJUI B USBOTEVDFS
UIBU QSPWJEFT VMUSBTPVOE QVMTFT BMPOH B TJOHMF MJOF
� )PXFWFS
 UIJT BQQSPBDI JT FY�
QFDUFE UP CF NPSF UJNF DPOTVNJOH UIBO BO FMFDUSPOJDBMMZ TDBOOJOH VMUSBTPVOE GPDVT�
"MUFSOBUJWFMZ
 UIF UJTTVF JMMVNJOBUJPO BOE EFUFDUJPO HFPNFUSJFT DPVME CF PQUJNJ[FE UP
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NJOJNJ[F UIF QSPCMFN BMPOH UIF y EJSFDUJPO CZ QSPWJEJOH B NPSF FWFO MJHIU EJTUSJCV�
UJPO� 'PS FYBNQMF
 ,JN FU BM� IBWF VTFE SJOH TIBQFE JMMVNJOBUJPO <öø>� ɨF NPEFM
QSFTFOUFE JO 1BQFST *** � *7
 DPVME CF VTFE BT B UPPM UP JOWFTUJHBUF EJĊFSFOU UJTTVF JM�
MVNJOBUJPO BOE EFUFDUJPO HFPNFUSJFT� *U NBZ BMTP CF QPTTJCMF UP DPNQFOTBUF UIF TJHOBM
WBSJBUJPOT BMPOH CPUI UIF y BOE z EJSFDUJPOT VTJOH UIFPSFUJDBM NPEFMMJOH CBTFE PO UIF
.POUF $BSMP NFUIPE PS EJĊVTJPO UIFPSZ� 'PS FYBNQMF
 JU JT QPTTJCMF UP VTF UIF NPEFMT
QSFTFOUFE JO 1BQFST *** � *7
 UP DBMDVMBUF UIF FYQFDUFE 605 JNBHF JO UIF BCTFODF PG
UIF JODMVTJPO
 BOE VTF UIJT UP OPSNBMJ[F UIF FYQFSJNFOUBM EBUB� ɨJT BQQSPBDI SFRVJSFT
LOPXMFEHF PG UIF PQUJDBM QSPQFSUJFT PG UIF CBDLHSPVOE NFEJVN
 XIJDI JT BWBJMBCMF GPS
UIF QIBOUPNT VTFE IFSF� )PXFWFS
 UIF GFBTJCJMJUZ PG TVDI BO BQQSPBDI JO BDUVBM CJ�
PMPHJDBM UJTTVFT
 XIFSF UIF CBDLHSPVOE NFEJVN JT OPU IPNPHFOFPVT BOE UIF PQUJDBM
QSPQFSUJFT BSF OPU LOPX
 XPVME IBWF UP CF JOWFTUJHBUFE� 6MUJNBUFMZ
 JU NBZ CF QPTTJCMF
UP EFWFMPQ 605 JNBHF SFDPOTUSVDUJPO NPEFMT CBTFE PO TPMWJOH UIF JOWFSTF QSPCMFN�
ɨJT IBT CFFO JOWFTUJHBUFE CZ 1PXFMM FU BM� <÷ï>
 BOE JT DVSSFOUMZ CFJOH JOWFTUJHBUFE CZ
%BWJE)JMM JO PVS HSPVQ� " UXP 	PS NVMUJQMF
 XBWFMFOHUI JNBHJOH BQQSPBDI DPVME BMTP
CF DPOTJEFSFE EFQFOEJOH PO UIF NFEJDBM BQQMJDBUJPO� *U NBZ CF QPTTJCMF UP OPSNBMJ[F
UIF EBUB BDRVJSFE BU POF XBWFMFOHUI UP UIF EBUB BDRVJSFE BU BOPUIFS XBWFMFOHUI� 4UJMM

LOPXMFEHF PG UIF TDBUUFSJOH DPFċDJFOUT PG UIF UJTTVF BU UIF UXP XBWFMFOHUIT VTFE JO
TVDI BO BQQSPBDI JT EFTJSBCMF�

'JHVSF ó�ðò TIPXT B 605 JNBHF PG UIF JODMVTJPO DFOUSFE BU B EFQUI PG 13.5 NN
 UIBU
IBT CFFO OPSNBMJ[FE UP TJNVMBUFE EBUB JO UIF BCTFODF PG UIF JODMVTJPO� ɨF JODMVTJPO
JT NVDI NPSF QSPNJOFOU UIBO JO UIF VOQSPDFTTFE JNBHF TIPXO JO 'JH ó�ðñ	C

 BOE
UIF TJHOBM DPOUSBTU NPSF BDDVSBUFMZ SFnFDUT UIF USVF EJĊFSFODF JO PQUJDBM BCTPSQUJPO JO
UIF QIBOUPN�

)LJXUH ����� 7KH H[SHULPHQWDO 827 LPDJH VKRZQ LQ )LJXUH �����E� QRUPDOL]HG WR VLPXODWHG GDWD LQ WKH DEVHQFH
RI WKH LQFOXVLRQ� 7KH SRVLWLRQ RI WKH LQFOXVLRQ LV LQGLFDWHG ZLWK WKH ZKLWH GRWWHG ER[�
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*ODSFBTJOH UIF UBHHFE TJHOBM VTJOH SFnFDUJOH mMNT

" TJNQMF ZFU FĊFDUJWF NFBOT PG JODSFBTJOH UIF 605 TJHOBM
 JT UP QMBDF SFnFDUJOH NB�
UFSJBMT PO UIF UJTTVF TVSGBDF UP QSFWFOU QIPUPOT GSPN MFBLJOH BDSPTT UIF TVSGBDF� ɨF
VTF PG SFnFDUJOH mMNT GPS UIJT QVSQPTF 	ò. PQUJDBM mMN
 "NFSJDBO 1PMBSJ[FST
 XBT JO�
WFTUJHBUFE� .FBTVSFNFOUT NBEF JO UIF SFnFDUJPO NPEF TFU�VQ TIPXO JO 'JH ó�ðð BSF
QSFTFOUFE� *U TIPVME
 IPXFWFS
 CF OPUFE UIBU NFBTVSFNFOUT NBEF JO UIF USBOTNJTTJPO
HFPNFUSZ 	'JHVSF ó�ö
 HBWF B TJNJMBS JODSFBTF JO TJHOBM�

ɨF SFnFDUJOH mMN XBT DVU JOUP UIF TIBQF TIPXO JO 'JHVSF ó�ðó	B

 BOE QMBDFE PO UIF
TVSGBDF PG UIF QIBOUPN� 'JHVSFT ó�ðó	C
 BOE 	D
 TIPX NFBTVSFNFOUT GSPN BO JNBHJOH
EFQUI PG 29.5 NN XJUI BOE XJUIPVU UIF SFnFDUJOH mMN� *U DBO CF TFFO UIBU CPUI
UIF UBHHFE BOE VOUBHHFE TJHOBMT BSF JODSFBTFE CZ B GBDUPS PG ∼ 3� ɨJT EFNPOTUSBUFT
UIBU SFnFDUJOH mMNT DBO CF VTFE UP JODSFBTF UIF 605 TJHOBM
 BOE TIPVME UIFSFGPSF CF
DPOTJEFSFE JO UIF EFTJHO PG GVUVSF 605 TZTUFNT�

)LJXUH ����� ,QFUHDVH LQ VLJQDO VWUHQJWK DV D UHVXOW RI XVLQJ UHþHFWLQJ ýOP� �D� 6FKHPDWLF GUDZLQJ RI WKH UH�
þHFWLQJ ýOP XVHG ZLWK WKH VHW�XS GHSLFWHG LQ )LJXUH ����� �E� ([DPSOHV RI VLJQDOV REWDLQHG ZLWK
DQG ZLWKRXW UHþHFWLQJ ýOP IURP D VLQJOH LPDJH YR[HO DW D GHSWK RI z = 29.5 PP DQG y = 8.25 PP�
�F� 1' LPDJH RI DQ LQFOXVLRQ DW D GHSWK RI 29.5 PP� 7KH JUH\ VKDGHG UHJLRQ LQGLFDWHV WKH SRVLWLRQ
RI WKH LQFOXVLRQ� 7KH GDWD ZHUH DYHUDJHG 400 WLPHV�

ôï



ó�ó 4FU�VQ JNQSPWFNFOUT

ɨF 605 TFU�VQ DPVME CF TJHOJmDBOUMZ JNQSPWFE UP FOBCMF JNBHJOH BU HSFBUFS EFQUIT
BOE�PS GBTUFS JNBHJOH BOE�PS UP JNQSPWF UIF BCJMJUZ UP NFBTVSF TNBMMFS EJĊFSFODFT
JO PQUJDBM BCTPSQUJPO� 4VHHFTUJPOT GPS QPUFOUJBM JNQSPWFNFOUT UP UIF TZTUFN BSF QSF�
TFOUFE CFMPX�

ɨF RVBOUVN FċDJFODZ PG UIF EFUFDUPS XBT NFBTVSFE BOE GPVOE UP CF 1.7% GPS B CFBN
mMMJOH UIF XIPMF EFUFDUPS BSFB� ɨJT JT MPXFS UIBO UIF FċDJFODZ TQFDJmFE CZ UIF NBO�
VGBDUVSFS
 BOE JT CFMJFWFE UP CF EVF QIPUPDBUIPEF EFHSBEBUJPO EVF UP PWFSFYQPTVSF�
1.5 EFUFDUPST XJUI B TQFDJmFE RVBOUVN FċDJFODZ PG 15% BSF
 IPXFWFS
 BWBJMBCMF� "
TJMJDPO QIPUPNVMUJQMJFS 	BMTP LOPXO BT NVMUJ�QJYFM QIPUPO DPVOUFS

 DPPMFE UP SFEVDF
UIF EBSL DPVOU SBUF
 NBZ BMTP CF TVJUBCMF BT B EFUFDUPS� ɨF JNQSPWFNFOU JO TJHOBM
VTJOH TVDI B EFUFDUPS TIPVME CF B GBDUPS PG ∼ 10�

ɨF TFU�VQ QSFTFOUFE JO 4FDUJPO ó�ò�ô IBE B USBOTNJTTJPO PG 6% GSPN UIF PVUQVU PG
UIF MJHIU HVJEF UP UIF EFUFDUPS� ɨF QPMBSJ[FS JO UIF TFU�VQ IBE BO VOQPMBSJ[FE USBOT�
NJTTJPO PG 35%� ɨF TQFDUSBM IPMF CVSOJOH NBUFSJBMT QSFTFOUFE JO $IBQUFS ô TIPVME
QSPWJEF HPPE mMUFS DPOUSBTU
 SFHBSEMFTT PG UIF JOQVU QPMBSJ[BUJPO
 BOE UIF QPMBSJ[FS
DPVME TJNQMZ CF SFNPWFE� /FJUIFS UIF MFOTFT OPS UIF DSZTUBM JO UIF DVSSFOU TFU�VQ
IBWF BOUJ�SFnFDUJPO DPBUJOHT GPS 606 ON� "EEJOH BOUJ�SFnFDUJPO DPBUJOHT TIPVME MFBE
UP TPNF TJHOBM JNQSPWFNFOU
 BMUIPVHI UIF FYBDU BNPVOU JT VODMFBS� 8F FYQFDU UP
CF BCMF UP BDIJFWF TJNJMBS PS IJHIFS FUFOEVF DPNQBSFE XJUI UIF MJHIU HVJEF VTJOH B
DVTUPN EFTJHO 605 DSZPTUBU SFDFOUMZ EFMJWFSFE UP PVS EFQBSUNFOU� ɨF BWBJMBCMF
JNQSPWFNFOU JO TJHOBM TIPVME CF B GBDUPS PG ∼ 10�

0QUJDBM QSPCF QVMTFT UIBU XFSF 1�s MPOH XJUI B 20 N8 QFBL QPXFS
 EFMJWFSFE BU B
SFQFUJUJPO SBUF PG 7.4 L)[ XFSF VTFE JO 605 JNBHJOH FYQFSJNFOUT QSFTFOUFE JO UIJT
UIFTJT� "U UIJT SBUF
 ∼ 5× 1014 QIPUPOT BSF EFMJWFSFE QFS TFDPOE� *G UIF MBTFS CFBN
JT FYQBOEFE UP 1 DN2
 UIF OVNCFS PG JOQVU QIPUPOT QFS TFDPOE DBO CF JODSFBTFE UP
∼ 1018 BOE TUJMM CF XJUI UIF NFEJDBM TBGFUZ MJNJU PG 300 N8�DN2 GPS BWFSBHF SBEJBUJPO
BU 800 ON <õô>� ɨF TJHOBM JNQSPWFNFOU TIPVME CF B PG GBDUPS PG ∼ 2000
 CVU UIF
OVNCFS PG QIPUPOT DPVME CF GVSUIFS JODSFBTFE CZ JODSFBTJOH UIF BSFB PG UIF MBTFS CFBN
JMMVNJOBUJOH UIF UJTTVF� *O UIF TDIFNF VTJOH 1�s MPOH PQUJDBM QVMTFT UP TDBO UIF 605
JNBHF QPJOU�CZ�QPJOU
 8 8PG MBTFS QPXFS XPVME CF OFFEFE UP SFBDI UIF NFEJDBM MJNJU

BTTVNJOH B QSPCF SFQFUJUJPO SBUF PG 25 L)[ BOE B 1 DN2 CFBN BSFB� *U TIPVME CF OPUFE
UIBU JU JT OPU QPTTJCMF UP QSPCF BU IJHIFS SBUFT BT UIJT XPVME SFTVMU JO UXP VMUSBTPVOE
QVMTFT JO UIF UJTTVF TJNVMUBOFPVTMZ� "MUFSOBUJWFMZ
 JU JT QPTTJCMF UP VTF MPOHFS MBTFS
QVMTFT XJUI MPXFS QFBL QPXFS UP GPMMPX UIF VMUSBTPVOE QVMTF BT JU QSPQBHBUFT UISPVHI
UIF UJTTVF
 BOE UIVT TDBO B 1% MJOF GPS FBDI VMUSBTPVOE QVMTF� ɨJT JT DPNNPOMZ EPOF
JO UIF 605 FYQFSJNFOUT QSFTFOUFE JO UIF MJUFSBUVSF� *O TVDI B TDIFNF
 UIF MBTFS QFBL
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QPXFS SFRVJSFE UP SFBDI UIF NFEJDBM TBGFUZ MJNJU JT MPXFS�

ɨF mOEJOHT QSFTFOUFE IFSF JOEJDBUF UIBU JU TIPVME CF QPTTJCMF
 BOE TUSBJHIU�GPSXBSE

UP JODSFBTF UIF TJHOBM CZ B GBDUPS PG ∼ 200 000 DPNQBSFE XJUI UIF DVSSFOU 605 JNBH�
JOH NFBTVSFNFOUT
 XIJDI
 DPNCJOFE XJUI UIF OPWFM IJHI�DPOUSBTU mMUFS NBUFSJBMT QSF�
TFOUFE JO $IBQUFS ô
 TIPVME SFTVMU JO TJHOJmDBOUMZ JNQSPWFE JNBHJOH DBQBCJMJUJFT�

ó�ô 1PUFOUJBM NFEJDBM BQQMJDBUJPOT

6MUSBTPVOE PQUJDBM UPNPHSBQIZ IBT DVSSFOUMZ OPU EFNPOTUSBUFE JO WJWP DBQBCJMJUJFT JO
IVNBO UJTTVFT� 'VSUIFS SFTFBSDI JT SFRVJSFE CFGPSF JU JT DMFBS XIBU UIF QFSGPSNBODF PG B
GVUVSF 605 EFWJDF DPVME CF
 BOE GPS XIJDI BQQMJDBUJPOT 605 XPVME BEE TJHOJmDBOU
WBMVF PWFS PUIFS FYJTUJOH JNBHJOH NPEBMJUJFT� *O UIF 2VBOUVN *OGPSNBUJPO (SPVQ
JO -VOE
 XF CFMJFWF UIBU 605 DBO IBWF TFWFSBM QPUFOUJBMMZ JNQBDUGVM BQQMJDBUJPOT

FTQFDJBMMZ XIFO DPNCJOFE XJUI TQFDUSBM IPMF CVSOJOH mMUFST
 EVF UP UIF MBSHF QSPKFDUFE
JNBHJOH EFQUIT QSFTFOUFE JO 1BQFS 7* 	'JHVSF ó�ó
 BOE 1BQFS * 	'JHVSF ó�ø
� *O UIJT
TFDUJPO
 EJĊFSFOU BQQMJDBUJPOT GPS 605 BSF EJTDVTTFE TQFDVMBUJWFMZ�

ó�ô�ð #SFBTU UVNPVS JNBHJOH

#SFBTU DBODFS JT UIF NPTU DPNNPOMZ EJBHOPTFE DBODFS XPSMEXJEF XJUI BCPVU 2.3 NJM�
MJPO OFX DBTFT JO 2020 <÷ð>� %JBHOPTJT BOE TDSFFOJOH JT DPNNPOMZ QFSGPSNFE VTJOH
NBNNPHSBQIZ
 XIJDI VTFT JPOJ[JOH 9�SBZ SBEJBUJPO UP GPSN JNBHFT� 'VODUJPOBM DPO�
USBTU DBO CF QSPWJEFE CZ EJĊVTF PQUJDBM UPNPHSBQIZ
 CVU XJUI MJNJUFE TQBUJBM SFTPMV�
UJPO <ð>
 PS QIPUPBDPVTUJD UPNPHSBQIZ
 XIJDI QSPWJEFT TVC�NJMMJNFUSF TQBUJBM SFTPMV�
UJPO BU B GFX DFOUJNFUSF EFQUI <ò>�

605 JO B USBOTNJTTJPO HFPNFUSZ TIPVME CF XFMM TVJUFE UP CSFBTU JNBHJOH
 BOE IBT
MPXFS mMUFS DPOUSBTU SFRVJSFNFOUT DPNQBSFE UP B SFnFDUJPO HFPNFUSZ
 BT QSFWJPVTMZ
EJTDVTTFE� ɨF SFTVMUT QSFTFOUFE JO 1BQFS * 	TFF 'JHVSF ó�ø
 JOEJDBUF UIBU JU NBZ CF
QPTTJCMF UP EFUFDU BDPVTUP�PQUJD TJHOBMT XJUI BO 4/3 PG ∼ 20 JO ∼ 1 NT UISPVHI
∼ 12 DN UIJDL CFBTU UJTTVF VTJOH B 4×4×2 NN3 TJ[FE VMUSBTPVOE QVMTF 	IBMG QSFT�
TVSF
� *U TIPVME UIVT CF QPTTJCMF UP NFBTVSF BU BOZ MPDBUJPO JO UIF CSFBTU
 BOE B 2%
JNBHF DPOUBJOJOH 100 WPYFMT DPVME
 GPS FYBNQMF
 CF NFBTVSFE JO ∼ 0.1 T� *U JT VODMFBS
XIBU UIF JNBHF TQBUJBM SFTPMVUJPO XPVME CF EVF UP UIF TPNFXIBU QFDVMJBS VMUSBTPVOE
QVMTF TIBQF VTFE 	TFF 1BQFS *
� )PXFWFS
 UIF SFTPMVUJPO XPVME OPU CF BT HPPE BT GPS
QIPUPBDPVTUJD UPNPHSBQIZ
 CVU CFUUFS UIBO GPS EJĊVTF PQUJDBM UPNPHSBQIZ� ɨF JN�
BHF TQBUJBM SFTPMVUJPO DPVME CF JNQSPWFE CZ EFDSFBTJOH UIF WPMVNF PG UIF VMUSBTPVOE
QVMTF� )PXFWFS
 UIJT XPVME EFDSFBTF UIF UBHHFE TJHOBM TUSFOHUI
 BOE UIFSFGPSF SFRVJSF
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MPOHFS NFBTVSFNFOU UJNFT UP BDIJFWF UIF TBNF TJHOBM 4/3�

ɨFSF JT B TQSFBE JO UIF PQUJDBM QSPQFSUJFT PG CSFBTU UVNPVS UJTTVF SFQPSUFE JO UIF MJU�
FSBUVSF� (FOFSBMMZ
 UIFSF TFFNT UP CF B SBUIFS TJHOJmDBOU DIBOHF JO PQUJDBM QSPQFSUJFT
CFUXFFO IFBMUIZ UJTTVF BOE UVNPVS UJTTVF� 'PS FYBNQMF
 5SPNCFSH FU BM� NFBTVSFE B
GBDUPS ∼ 2 EJĊFSFODF JO UIF PQUJDBM BCTPSQUJPO DPFċDJFOU <÷ñ>
 XIJDI TIPVME QSPWJEF
B NFBTVSBCMF DPOUSBTU CFUXFFO UVNPVS BOE OP UVNPVS JO B 605 JNBHF� (SPTFOJDL
FU BM� IBWF SFQPSUFE BO JODSFBTF JO UIF SFEVDFE TDBUUFSJOH PG ∼ 20% GPS DBSDJOPNBT
DPNQBSFE UP IFBMUIZ CSFBTU UJTTVF <÷ò>� ɨFPSFUJDBM DBMDVMBUJPOT TJNJMBS UP UIPTF QSF�
TFOUFE JO 1BQFS 7* 	'JHVSF ó�ó
 XPVME CF VTFGVM UP VOEFSTUBOE UIF 605 UFDIOJRVFT
QPUFOUJBM UP EFUFDU CSFBTU UVNPVST�

ó�ô�ñ #SBJO JNBHJOH

)VNBO CSBJO JNBHJOH JT B TPVHIU BGUFS BQQMJDBUJPO
 CPUI GPS EJBHOPTJOH CSBJO EJTFBTFT

TVDI BT TUSPLF
 BOE UP CFUUFS VOEFSTUBOE IPX UIF CSBJO GVODUJPOT� 605 NBZ CF BO
JOUFSFTUJOH UFDIOJRVF GPS TVDI BQQMJDBUJPOT� )PXFWFS
 UIF TLVMM CPOF QSFTFOUT B NBKPS
DIBMMFOHF GPS VMUSBTPVOE�CBTFE UFDIOJRVFT EVF UP JUT BDPVTUJD BUUFOVBUJPO 	BCTPSQ�
UJPO
 TDBUUFSJOH
 BOE SFnFDUJPO
 BOE XBWFGPSN EJTUPSUJPO� ɨF BDPVTUJD BUUFOVBUJPO
JODSFBTFT XJUI VMUSBTPVOE GSFRVFODZ BOE TLVMM CPOF UIJDLOFTT� ɨF UIJOOFTU QBSU JT
VTVBMMZ UIF UFNQPSBM CPOF XJUI B UIJDLOFTT PG ∼ 4 NN <÷ó>
 XIJDI UIVT BQQFBST UP
CF B TVJUBCMF MPDBUJPO GPS EFMJWFSJOH VMUSBTPVOE JOUP UIF CSBJO� 605 IBT UIF BEWBO�
UBHF DPNQBSFE UP PSEJOBSZ VMUSBTPVOE JNBHJOH UIBU UIF VMUSBTPVOE QVMTF POMZ IBT UP
QSPQBHBUF PODF
 BOE OPU UXJDF UISPVHI TLVMM� 'PS 605 NFUIPET TVDI BT TJOHMF�TIPU
PĊ�BYJT IPMPHSBQIZ
 MPXFS VMUSBTPVOE GSFRVFODJFT DBO CF VTFE� -VJ FU BM�
 GPS FYBN�
QMF
 VTFE B 1 .)[ VMUSBTPVOE GSFRVFODZ GPS UIFJS 605 NFBTVSFNFOUT UISPVHI B
IVNBO TLVMM <÷>� ɨFJS VMUSBTPVOE mFME XBT EJTUPSUFE
 BOE BUUFOVBUFE UP 10− 20%
JO UIF QSFTFODF PG B 3−5 NN UIJDL TLVMM� ɨF MPXFTU VMUSBTPVOE GSFRVFODZ UIBU DBO
CF VTFE JO B 605 TFU�VQ XJUI TQFDUSBM IPMF CVSOJOH mMUFST
 EFQFOET PO UIF IPNP�
HFOFPVT MJOFXJEUI
 BOE PUIFS TQFDUSPTDPQJD QSPQFSUJFT PG UIF SBSF�FBSUI mMUFS NBUFSJBM
BOE USBOTJUJPO� 'JMUFS NBUFSJBMT XJUI USBOTJUJPO XBWFMFOHUIT XJUIJO UIF UJTTVF PQUJDBM
XJOEPX UIBU TVQQPSU UIF VTF PG B 1 .)[ VMUSBTPVOE GSFRVFODZ TUJMM IBT UP CF JEFO�
UJmFE� ɨF TQFDUSBM mMUFS SFTVMUT QSFTFOUFE JO 4FDUJPO ô�õ�ö
 IPXFWFS
 JOEJDBUF UIBU
B IJHI�DPOUSBTU mMUFS GPS BO VMUSBTPVOE GSFRVFODZ PG ∼ 2−3 .)[ NBZ CF QPTTJCMF�
5P CFUUFS VOEFSTUBOE UIF TQFDUSBM IPMF CVSOJOH NFUIPE�T VTFGVMOFTT GPS IVNBO CSBJO
JNBHJOH
 FYQFSJNFOUBM TUVEJFT PG IPX UP PQUJNBMMZ GPDVT VMUSBTPVOE JO UIJT GSFRVFODZ
SBOHF UISPVHI UIF TLVMM BSF PG JOUFSFTU�
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$IBQUFS ô

4QFDUSBM IPMF CVSOJOH NBUFSJBMT GPS
CJPNFEJDBM BQQMJDBUJPOT

4P GBS
 605 FYQFSJNFOUT IBWF CFFO QFSGPSNFE VTJOH 1S3+�:24J05 <ø> BOE5N3+�:"(
mMUFST <ñöoñø
 ÷ô>� ɨF 1S3+�:24J05 mMUFST VTFE JO UIF TUVEJFT QSFTFOUFE JO $IBQUFS ó
QSPWJEF ∼ 30 E# UBHHFE�VOUBHHFE DPOUSBTU
 CVU BSF MFTT TVJUBCMF GPS QSBDUJDBM BQQMJDB�
UJPOT EVF UP UIF IJHI PQUJDBM BUUFOVBUJPO CZ CJPMPHJDBM UJTTVFT BU UIF 606 ON PQFSBUJOH
XBWFMFOHUI� 5N3+�:"( mMUFST IBWF EFNPOTUSBUFE 14 E# mMUFS DPOUSBTU <ñö>� ɨF
USBOTJUJPO XBWFMFOHUI PG 793 ON JT DMPTF UP UIF JTPTCFTUJD QPJOU PG )C BOE )C02

BOE DPVME UIFSFGPSF CF TVJUBCMF GPS NFBTVSJOH SFMBUJWF CMPPE WPMVNF JO UJTTVFT XIFSF
IBFNPHMPCJO JT UIF EPNJOBOU BCTPSCFS� "EEJUJPOBM mMUFST BU XBWFMFOHUIT GVSUIFS BXBZ
GSPN UIF JTPTCFTUJD QPJOU BSF SFRVJSFE UP NFBTVSF UJTTVF PYZHFO TBUVSBUJPO� *U JT BMTP
EFTJSBCMF UP JNQSPWF UIF mMUFS DPOUSBTUT JO PSEFS UP BDIJFWF B CFUUFS JNBHF $/3 	TFF
4FDUJPO ó�ñ
 BOE VMUJNBUFMZ BEWBODF UIF UFDIOJRVF UPXBSET JO WJWP NFBTVSFNFOUT�
ɨJT DIBQUFS TVNNBSJ[FT PVS JOWFTUJHBUJPOT PG OPWFM TQFDUSBM IPMF CVSOJOH NBUFSJBMT
GPS IJHI�DPOUSBTU 605 mMUFSJOH BU XBWFMFOHUIT TVJUBCMF GPS JNBHJOH EFFQ JOTJEF UJTTVF�

4FWFSBM SBSF�FBSUI�JPO�EPQFE NBUFSJBMT BOE USBOTJUJPOT NBZ CF TVJUBCMF mMUFS DBOEJ�
EBUFT� 'JHVSF ô�ð TIPXT B TP�DBMMFE %JFLF EJBHSBN PG UIF BWBJMBCMF USBOTJUJPOT GPS
USJQMZ JPOJ[FE SBSF�FBSUIT JO -B'ò XJUIJO BOE OFBS UIF mSTU UJTTVF PQUJDBM XJOEPX� ɨF
DIBMMFOHF MJFT JO JEFOUJGZJOH B TVJUBCMF DPNCJOBUJPO PG SBSF�FBSUI FMFNFOU
 BOE DSZTUBM
IPTU� 4FWFSBM PG UIF USBOTJUJPOT TIPXO JO 'JHVSF ô�ð NBZ CF DPOTJEFSFE� ɨF USBOTJ�
UJPOT TIBEFE HSFFO DPVME CF JOUFSFTUJOH GPS 605 mMUFSJOH
 TJODF UIF FOFSHZ HBQ UP
UIF MPXFS�MZJOH MFWFM JT TVċDJFOUMZ MBSHF GPS QIPOPO SFMBYBUJPO SBUFT UP QPUFOUJBMMZ CF
TVQQSFTTFE JO B MPX�NBYJNVN�QIPOPO�FOFSHZ IPTU� ɨF HSFZ USBOTJUJPOT XJMM BMNPTU
DFSUBJOMZ CF MJNJUFE CZ SBQJE QIPOPO SFMBYBUJPO
 BOE BSF UIVT OPU TVJUBCMF GPS 605
mMUFSJOH� ɨFTF ðñ QPUFOUJBM USBOTJUJPOT
 BOE B MBSHF OVNCFS PG DSZTUBM IPTUT
 UPHFUIFS

ôô



PĊFS NBOZ QPUFOUJBM DPNCJOBUJPOT�

)LJXUH ���� 'LHNH GLDJUDP VKRZLQJ WKH DSSUR[LPDWH ZDYHOHQJWKV RI DYDLODEOH WUDQVLWLRQV IRU WULSO\ LRQL]HG
UDUH�HDUWK HOHPHQWV LQ /D)3 ZLWKLQ DQG QHDU WKH ýUVW WLVVXH RSWLFDO ZLQGRZ �650− 950 QP�� 7KH
WUDQVLWLRQ ZDYHOHQJWKV YDU\ VOLJKWO\ ZLWK WKH KRVW PDWHULDO� (XURSLXP� FHULXP� JDGROLQLXP� DQG
WHUELXP KDYH QR WUDQVLWLRQV ZLWKLQ WKH RSWLFDO ZLQGRZ DQG DUH WKHUHIRUH QRW LQFOXGHG LQ WKH ýJXUH�
3URPHWKLXP LV UDGLRDFWLYH DQG LV WKHUHIRUH DOVR RPLWWHG� 7KH ýJXUH ZDV JHQHUDWHG XVLQJ GDWD IURP
&DUQDOO HW DO� >��� ��@�

ô�ð 'JMUFS NBUFSJBM SFRVJSFNFOUT

"QBSU GSPN B USBOTJUJPO XBWFMFOHUI XJUIJO UIF UJTTVF PQUJDBM XJOEPX
 B SBSF�FBSUI
NBUFSJBM GPS 605 mMUFSJOH NVTU GVMmM TFWFSBM PUIFS SFRVJSFNFOUT
 BT JMMVTUSBUFE JO 'JH�
VSF ô�ñ	B
� 4JODF UIF UBHHFE BOE VOUBHHFE QIPUPOT BSF DMPTF JO GSFRVFODZ 	B GFX.)[


JU NVTU CF QPTTJCMF UP CVSO ∼ 1 .)[ CBOEXJEUI TQFDUSBM mMUFST JO UIF JOIPNPHFOFPVT
BCTPSQUJPO QSPmMF PG UIF NBUFSJBM� ɨF mMUFS TIPVME JEFBMMZ IBWF NJOJNBM BUUFOVBUJPO
PG UBHHFE QIPUPOT JOTJEF UIF QBTTCBOE
 XIJMF NBYJNBMMZ BUUFOVBUJOH UIF VOUBHHFE
QIPUPOT PVUTJEF UIF QBTTCBOE
 BOE B TUFFQ GSFRVFODZ SPMM�PĊ�

ɨF IPNPHFOFPVT MJOFXJEUI ΓI BĊFDUT UIF mMUFS GSFRVFODZ CBOEXJEUI BOE SPMM�PĊ

BOE BUUFOVBUJPO PG UBHHFE QIPUPOT JO UIF QBTTCBOE� ɨF IPNPHFOFPVT MJOFXJEUI PG
UIF EPQBOU JPOT NVTU CF TJHOJmDBOUMZ MFTT UIBO UIF EFTJSFE TQFDUSBM XJEUI PG UIF mMUFS�
.BUFSJBMT XJUI ΓI ∼ 100 L)[ PS MFTT BSF UIVT QSJNBSJMZ PG JOUFSFTU GPS 605 mMUFST�

ɨF QFBL PQUJDBM BCTPSQUJPO DPFċDJFOU NVTU CF TVċDJFOUMZ IJHI UP BDIJFWF UIF EF�
TJSFE BUUFOVBUJPO PVUTJEF UIF mMUFS QBTTCBOE� 'PS FYBNQMF
 JU DBO CF DBMDVMBUFE UIBU BO
BCTPSQUJPO DPFċDJFOU PG 7 DN−1 JT SFRVJSFE UP PCUBJO 60 E# BUUFOVBUJPO XJUI B 2 DN
MPOH DSZTUBM� ɨFSFGPSF
 NBUFSJBMT XJUI BO BCTPSQUJPO DPFċDJFOU > 7 DN−1 BSF QSJ�

ôõ



NBSJMZ PG JOUFSFTU� )PXFWFS
 MPOHFS DSZTUBMT DPVME CF DPOTJEFSFE GPS NBUFSJBMT XJUI B
MPXFS BCTPSQUJPO DPFċDJFOU� -JHIU XJMM CF HVJEFE UISPVHI UIF DSZTUBM WJB UPUBM JOUFSOBM
SFnFDUJPO�
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)LJXUH ���� �D� $ 827 ýOWHU PDWHULDO PXVW EH FDSDEOH RI VXSSRUWLQJ ∼ 1 0+] EDQGZLGWK ýOWHUV ZLWK D VKDUS

UROO�RII� L�H� QDUURZ ∆ f � ORZ WDJJHG DWWHQXDWLRQ DQG KLJK XQWDJJHG DWWHQXDWLRQ� �E� $EVRUSWLRQ
FRHIýFLHQWV IRU +E DQG +E22� 7KH GDVKHG YHUWLFDO OLQHV VKRZ WKH DSSUR[LPDWH ýOWHU ZDYHOHQJWKV
RI WKXOLXP� DQG QHRG\PLXP�GRSHG PDWHULDOV�

ɨF MJGFUJNF PG UIF TQFDUSBM IPMF JT JNQPSUBOU
 TJODF JU EFUFSNJOFT IPX PGUFO UIF mMUFS
NVTU CF SFGSFTIFE� (FOFSBMMZ
 NBUFSJBMT XJUI TQFDUSBM IPMF MJGFUJNFT PG TFWFSBM TFDPOET
PS NPSF XFSF DPOTJEFSFE� )PXFWFS
 UIF SBUJP CFUXFFO UIF mMUFS QSFQBSBUJPO UJNF BOE
UIF BWBJMBCMF 605 NFBTVSFNFOU UJNF CFGPSF UIF mMUFS OFFET UP CF SFGSFTIFE JT UIF
NPSF SFMFWBOU mHVSF PG NFSJU� *G UIJT SBUJP JT < 1
 NPTU PG UIF UJNF DBO CF BMMPDBUFE UP
BDRVJSJOH UIF 605 JNBHF
 BOE UIF $/3 XJMM OPU CF TJHOJmDBOUMZ EFHSBEFE� .BUFSJBMT
XJUI mMUFS QSFQBSBUJPO UJNFT TIPSUFS UIBO UIF mMUFS MJGFUJNF BSF UIVT EFTJSBCMF�

5P IJHIMJHIU UIF FĊFDU PG QPQVMBUJPO EFDBZ PO UIF mMUFS USBOTNJTTJPO
 XF DBO DPOTJEFS
B 605 mMUFS UIBU JT CVSOU BU B GSFRVFODZ XIFSF UIF BCTPSQUJPO DPFċDJFOUT CFGPSF
BOE JNNFEJBUFMZ BGUFS CVSOJOH BSF α# BOE [FSP
 SFTQFDUJWFMZ� ɨF BCTPSQUJPO DPFċ�
DJFOU SFDPWFST XJUI B TJOHMF UJNF DPOTUBOU τ� ɨF BCTPSQUJPO DPFċDJFOU BU UIF mMUFS
GSFRVFODZ BT B GVODUJPO PG UJNF αQBTT(t ) JT UIFO EFTDSJCFE CZ�

αQBTT(t ) =α#(1− F−t/τ) 	ô�ð


ɨF USBOTNJTTJPO JO UIF mMUFS QBTTCBOE TQBTT GPS B DFSUBJO mMUFS DSZTUBM MFOHUI LD DBO
CF FYQSFTTFE�

TQBTT = F−αQBTT(t )LD 	ô�ñ


'JHVSF ô�ò TIPXT UIF USBOTNJTTJPO PWFS UJNF UISPVHI B 1 DN MPOH mMUFS DSZTUBM XJUI BO
BCTPSQUJPO DPFċDJFOU PG α# = 15 DN−1 GPS UJNF DPOTUBOUT
 τ
 PG 10 T BOE 100 T� *U JT

ôö



DMFBS GSPN UIJT mHVSF UIBU UIF mMUFS USBOTNJTTJPO EFHSBEFT UP B QPJOU XIFSF UIF mMUFS
NVTU CF SFGSFTIFE PO UJNF TDBMFT TIPSUFS UIBO UIF MJGFUJNF PG UIF NFUBTUBCMF TUBUFT UIBU
TUPSF UIF QPQVMBUJPO UIBU NBLF VQ UIF TQFDUSBM mMUFS�
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)LJXUH ���� 'HFD\ RI WUDQVPLVVLRQ DQG UHFRYHU\ RI αQBTT(t ) DW WKH ýOWHU FHQWUH IUHTXHQF\ IRU τ= 10 V DQG τ= 100 V� ,W
ZDV DVVXPHG WKDW α# = 15 FP−1 EHIRUH EXUQLQJ� DQG ]HUR LPPHGLDWHO\ DIWHU EXUQLQJ� DQG LD = 1 FP�

'JHVSF ô�ò BMTP TIPXT UIBU B MBSHF GSBDUJPO PG UIF QPQVMBUJPO BU UIF mMUFS CVSO GSFRVFODZ
NVTU CF USBOTGFSSFE UP B TUPSBHF TUBUF
 PUIFSXJTF UIF mMUFS USBOTNJTTJPO XJMM CF MPX� *O
PUIFS XPSET
 JU NVTU CF QPTTJCMF UP CVSO EFFQ TQFDUSBM IPMFT JO UIF NBUFSJBMT� *G ∼ 5%
PG UIF QPQVMBUJPO SFNBJOT JO UIF QBTTCBOE
 UIF USBOTNJTTJPO XJMM CF ∼ 50% JO UIF
BCPWF FYBNQMF� -POH�MJWFE TQFDUSBM IPMFT EP OPU OFDFTTBSJMZ NFBO UIBU JU JT QPTTJCMF
UP CVSO EFFQ IPMFT� 8JUI FBDI FYDJUBUJPO PG BO JPO
 UIFSF NJHIU CF B SBUIFS TNBMM
QSPCBCJMJUZ UIBU JU XJMM EFDBZ UP UIF TUPSBHF TUBUF� ɨF FYDJUBUJPO QSPDFTT NVTU UIFO
CF SFQFBUFE TFWFSBM UJNFT CFGPSF UIF JPO JT TVDDFTTGVMMZ USBOTGFSSFE UP UIF TUPSBHF TUBUF�
ɨF CSBODIJOH SBUJP JOUP UIF TUPSBHF TUBUFT JT UIVT JNQPSUBOU�

4FWFSBM JNQPSUBOU TQFDUSPTDPQJD QSPQFSUJFT NVTU UIFSFGPSF CF DIBSBDUFSJ[FE JO PSEFS UP
EFUFSNJOF XIFUIFS B SBSF�FBSUI�JPO�EPQFE NBUFSJBM JT TVJUBCMF GPS 605� ɨF TQFDUSP�
TDPQJD QSPQFSUJFT PG B GFX UIVMJVN� BOE OFPEZNJVN�EPQFE NBUFSJBMT QSFTFOUFE JO UIF
MJUFSBUVSF BSF QSFTFOUFE CFMPX� ɨVMJVN�EPQFE JOUP MBOUIBOVN USJnVPSJEF 	-B'3
 BQ�
QFBST UP GVMmM UIF BCPWF EJTDVTTFE SFRVJSFNFOUT
 BOE UIF FYQFSJNFOUBM DIBSBDUFSJ[BUJPO
PG UIJT NBUFSJBM JT BMTP EFTDSJCFE�

ô÷



ô�ñ /FPEZNJVN�EPQFE NBUFSJBMT

/FPEZNJVN�EPQFE NBUFSJBMT IBWF GPVS USBOTJUJPOT XJUIJO UIF UJTTVF PQUJDBM XJOEPX

TFF 'JHVSF ô�ð� )PXFWFS
 POMZ UIF 4*9/2�4'3/2 USBOTJUJPO BU ∼÷÷ï ON IBT TIPXO JO�
UFSFTUJOH QSPQFSUJFT� ɨF PUIFS USBOTJUJPOT MJLFMZ IBWF CSPBE IPNPHFOFPVT MJOFXJEUIT
EVF UP B TIPSU FYDJUFE TUBUF MJGFUJNF DBVTFE CZ SBQJE QIPOPO SFMBYBUJPO UP UIF MPXFS MZ�
JOH MFWFMT� ɨF ∼÷÷ï ON USBOTJUJPO QSPWJEFT TFOTJUJWJUZ UP UJTTVF PYZHFOBUJPO BT TIPXO
JO 'JHVSF ô�ñ	C
� " EFDSFBTF JO PYZHFOBUJPO SFTVMUT JO B EFDSFBTF JO UIF BCTPSQUJPO DP�
FċDJFOU 	GPS B mYFE CMPPE WPMVNF
�

/FPEZNJVN IBT BO PEE OVNCFS PG FMFDUSPOT
 BOE UIFSFGPSF IBT IBMG�JOUFHFS FMFD�
USPO TQJO� &BDI DSZTUBM mFME MFWFM JT BU MFBTU EPVCMZ EFHFOFSBUF� ɨF MFWFMT DBO CF
TQMJU CZ BQQMZJOH BO FYUFSOBM NBHOFUJD mFME
 XIJDI BMMPXT TQFDUSBM IPMFT UP CF CVSOU
JOUP UIFTF FMFDUSPOJD ;FFNBO MFWFMT� ɨFSF BSF TFWFSBM OBUVSBMMZ PDDVSSJOH JTPUPQFT PG
OFPEZNJVN
 80% XJUIPVU OVDMFBS TQJO
 BOE 20% XJUI OVDMFBS TQJO 	I = 7/2
 <÷÷>�
ɨF JTPUPQFT XJUI OVDMFBS TQJO QPTTFTT IZQFSmOF TUSVDUVSF
 BOE UIVT BEEJUJPOBM TIFMW�
JOH TUBUFT GPS TQFDUSBM IPMF CVSOJOH BQQMJDBUJPOT�

#BTFE PO UIF TQFDUSPTDPQJD EBUB BWBJMBCMF PO OFPEZNJVN�EPQFE DSZTUBMT JO UIF MJU�
FSBUVSF
 OFPEZNJVN�EPQFE ZUUSJVN PSUIPWBOBEBUF
 /E3+�:704
 BQQFBST UP CF BO
JOUFSFTUJOH DBOEJEBUF GPS 605� ɨF NBUFSJBM IBT B IJHI QFBL BCTPSQUJPO DPFċDJFOU
PG ∼ 40 DN−1 <÷ø>� )PNPHFOFPVT MJOFXJEUIT PG ∼ 10 L)[ IBWF CFFO NFBTVSFE BU
1.5 , GPS B NBHOFUJD mFME PG ∼ 1000 N5 <øï>� %FFQ TQFDUSBM IPMFT IBWF CFFO CVSOU
SFTVMUJOH GSPN QPQVMBUJPO TUPSBHF JO UIF FMFDUSPOJD ;FFNBO MFWFMT BU 2.8 , XJUI B
NBHOFUJD mFME PG 300 N5� )PXFWFS
 UIFTF TQFDUSBM IPMFT DPOUBJOFE B EFDBZ DPNQP�
OFOU PG 18 NT <øð>� %VF UP UIJT TIPSU MJGFUJNF
 UIF QSFTFOU XPSL XBT JOTUFBE GPDVTFE
PO UIVMJVN�EPQFE NBUFSJBMT� )PXFWFS
 -JBOH FU BM� SFDFOUMZ TIPXFE UIBU TQFDUSBM
IPMFT XJUI B EFDBZ DPNQPOFOU PG ∼ 200 NT DPVME CF CVSOU JO BO JTPUPQJDBMMZ QVSF
142/E3+�:704 DSZTUBM DPPMFE UP 1.5 , <øñ>� 4QFDUSBM IPMF MJGFUJNFT DPVME QPUFOUJBMMZ
CF GVSUIFS JODSFBTFE CZ EPQJOH XJUI 143/E3+ PS 145/E3+
 XIJDI BSF UIF OFPEZNJVN
JTPUPQFT XJUI OVDMFBS TQJO
 BT TQFDUSBM IPMFT DPVME CF CVSOU JOUP UIF IZQFSmOF MFW�
FMT� ɨJT IBT CFFO TIPXO GPS /E3+�:24J05 <øò>
 BOE DPVME BMTP CF JOWFTUJHBUFE GPS
JTPUPQJDBMMZ QVSF /E3+�:704
 UP FOBCMF UIF VTF PG UIF NBUFSJBM JO 605�

ô�ò ɧVMJVN�EPQFE NBUFSJBMT

'JHVSF ô�ó TIPXT UIF SFMFWBOU FOFSHZ TUSVDUVSF GPS UIF UIVMJVN TZTUFN� ɨF 3)6�
3'3 BOE 3)6�3)4 USBOTJUJPOT IBWF XBWFMFOHUIT XJUIJO UIF UJTTVF PQUJDBM XJOEPX BU
BSPVOE 690 BOE 790 ON
 SFTQFDUJWFMZ� "T NFOUJPOFE BCPWF
 UIF 790 ON USBOTJUJPO
JT DMPTF UP UIF JTPTCFTUJD QPJOU PG )C BOE )C02� ɨF 690 ON USBOTJUJPO QSPWJEFT

ôø



HPPE TFOTJUJWJUZ UP UJTTVF PYZHFOBUJPO
 BT DBO CF TFFO JO 'JHVSF ô�ñ	C
� ɨF UJTTVF
BCTPSQUJPO DPFċDJFOU BU 690 ON JODSFBTFT BT UIF PYZHFOBUJPO EFDSFBTFT 	GPS B mYFE
CMPPE WPMVNF
� ɨF UIVMJVN XBWFMFOHUI QBJS DPVME QPUFOUJBMMZ CF VTFE UP BDIJFWF BO
PYZHFOBUJPO�TFOTJUJWF 605 TZTUFN
 QPTTJCMZ JO DPNCJOBUJPO XJUI UIF OFPEZNJVN
USBOTJUJPO BU 880 ON� ɨF 3)5 MFWFM JT DPOWFOUJPOBMMZ LOPXO UP CF SFMBUJWFMZ TIPSU�
MJWFE BOE JT UIVT OPU JODMVEFE JO UIF TVCTFRVFOU EJTDVTTJPO� ɨF 3'4 MFWFM JT PGUFO
DBMMFE UIF CPUUMFOFDL MFWFM
 BOE DPNNPOMZ IBT MJGFUJNFT PG ∼ 10 NT�

�H�

�H�

�F�

~790 nm~690 nm

�F�

�H�

No B-field B-field 

m��= ±1/2

m��= ±1/2

m��= ±1/2

)LJXUH ���� $SSUR[LPDWH HQHUJ\ OHYHO VWUXFWXUH RI D 7KXOLXP�GRSHG FU\VWDO� 7KH ýJXUH RQO\ VKRZV WKH ORZHVW
HQHUJ\ FU\VWDO ýHOG OHYHO LQ HDFK HOHFWURQLF VWDWH�

ɨFSF JT POMZ POF OBUVSBMMZ PDDVSSJOH JTPUPQF PG UIVMJVN XJUI OVDMFBS TQJO I = 1/2� *O
UIF BCTFODF PG B NBHOFUJD mFME
 UIF UXP OVDMFBS TUBUFT BSF EFHFOFSBUF
 BOE UIFSF JT OP
IZQFSmOF TUSVDUVSF� )PXFWFS
 BQQMZJOH B NBHOFUJD mFME TQMJUT FBDI MFWFM JOUP UXP TQJO
TUBUFT 	m* =±1/2
 WJB UIF FOIBODFE OVDMFBS ;FFNBO JOUFSBDUJPO <øóoøõ>� *U TIPVME
CF OPUFE UIBU UIJT TQMJUUJOH JT HFOFSBMMZ EJĊFSFOU GPS UIF EJĊFSFOU MFWFMT
 BMUIPVHI UIFZ
BSF JMMVTUSBUFE BT CFJOH JEFOUJDBM JO 'JHVSF ô�ó� ɨJT BMMPXT UIF CVSOJOH PG TQFDUSBM IPMFT
EVF UP QPQVMBUJPO TUPSBHF JO UIF OVDMFBS TUBUFT� ɨF MJGFUJNF PG UIF OVDMFBS TUBUFT BSF
EFQFOEFOU PO UFNQFSBUVSF BOE NBHOFUJD mFME TUSFOHUI�EJSFDUJPO� ɨF TFMFDUJPO SVMF
∆m* = 0 JT SFMBYFE UP WBSJPVT EFHSFF JO UIVMJVN�EPQFE NBUFSJBMT BOE TUSPOHMZ EFQFOE
PO UIF NBHOFUJD mFME EJSFDUJPO EVF UP EJĊFSFOU TQJO�TUBUF NJYJOH <øö>�

ô�ò�ð ɧF 3)6�3)4 USBOTJUJPO

ɨF MPX�UFNQFSBUVSF TQFDUSPTDPQJD QSPQFSUJFT PG UIF 3)6�3)4 USBOTJUJPO PG 5N3+

IBWF CFFO QSFTFOUFE JO UIF MJUFSBUVSF GPS B XJEF SBOHF PG IPTU NBUFSJBMT� 4FWFSBM PG
UIFTF IPTUT FYIJCJU QSPQFSUJFT JOEJDBUJOH UIBU UIFZ NBZ CF TVJUBCMF DBOEJEBUFT GPS 605
BQQMJDBUJPOT� ɨF 3)6�3)4 USBOTJUJPO JO 5N3+�:"( IBT BMSFBEZ CFFO VTFE GPS 605

õï



XJUI B mMUFS DPOUSBTU PG ∼ 14 E# <ñö>� *U JT UIFSFGPSF JOUFSFTUJOH UP JOWFTUJHBUF UIJT
USBOTJUJPOT GVSUIFS
 UP CFUUFS VOEFSTUBOE JUT QPUFOUJBM GPS mMUFSJOH BQQMJDBUJPOT� :"(

-J/C03
 BOE :24J05 IPTUT BSF EJTDVTTFE JO UIF SFNBJOEFS PG UIJT TVCTFDUJPO CBTFE PO
UIF TQFDUSPTDPQJD EBUB BWBJMBCMF JO UIF MJUFSBUVSF� 4QFDUSPTDPQJD EBUB GSPN NFBTVSF�
NFOUT CZ PVS HSPVQ PO UIF -B'3 IPTU BSF QSFTFOUFE NBJOMZ JO 4FDUJPO ô�õ�

5N3+�:"(

5N3+�:"( JT POF PG UIF NPSF XFMM TUVEJFE SBSF�FBSUI NBUFSJBMT BU DSZPHFOJD UFNQFS�
BUVSFT
 BOE IBT BMTP CFFO DPOTJEFSFE GPS PUIFS BQQMJDBUJPOT XJUIJO RVBOUVN JOGPSNB�
UJPO TDJFODF <ø÷> BOE SBEJP GSFRVFODZ TJHOBM BOBMZTJT <ñõ>� " IPNPHFOFPVT MJOFXJEUI
PG 3 L)[ IBT CFFO NFBTVSFE JO 0.17%5N3+�:"( BU 1.5 , XJUI B NBHOFUJD mFME PG
43.8 N5 <øø>
 BOE -BVEFSFBV SFQPSUFE B MJOFXJEUI PG 44 L)[ BU 3 , GPS B EPQJOH
DPODFOUSBUJPO PG 2% <ðïï>� ɨJT JT BO BDDFQUBCMF MJOFXJEUI GPS BQQMJDBUJPO JO 605�
ɨF BCTPSQUJPO DPFċDJFOU JT 27 DN−1 GPS B EPQJOH DPODFOUSBUJPO PG 2% <ñ÷>� 4QFD�
USBM IPMF MJGFUJNFT MPOHFS UIBO 100 T BSF QPTTJCMF <øô>� )PXFWFS
 CBTFE PO UIF SFTVMUT
PG QSFWJPVT 605 FYQFSJNFOUT VTJOH 5N3+�:"(
 JU BQQFBST UIBU CVSOJOH EFFQ mMUFST
XJUI IJHI USBOTNJTTJPO JO UIF QBTTCBOE JO B DFOUJNFUSF�TJ[FE DSZTUBM XJUI B EPQJOH
DPODFOUSBUJPO PG 2% JT DIBMMFOHJOH <ñø>�

5N3+�:24J05

4QFDUSPTDPQJD TUVEJFT PG UIVMJVN�EPQFE :24J05 IBWF CFFO QSFTFOUFE CZ 7FOFU FU
BM� <øõ>
 BOE CZ &RVBMM <ðïð>� 3BSF�FBSUI�JPOT SFQMBDF ZUUSJVN JO UIF DSZTUBM MBUUJDF
JO UXP EJĊFSFOU TJUFT PG C 1 TZNNFUSZ� ɨF :24J05 IPTU JT GSFRVFOUMZ VTFE EPQFE
XJUI &V3+
 &S3+
 PS 1S3+
 CVU JT OPU PQUJNBM GPS 5N3+ UP PCUBJO OBSSPX IPNPHF�
OFPVT MJOFXJEUIT EVF UP UIF TNBMM FOFSHZ HBQ UP UIF OFBSFTU DSZTUBM mFME MFWFM PG 3)6�
ɨF MJOFXJEUIT GPS TJUFT 1 BOE 2 BSF 66 BOE 241 L)[
 SFTQFDUJWFMZ� ɨJT MJNJUT UIF
VTFGVMOFTT PG 5N3+�:24J05 GPS BQQMJDBUJPOT JO RVBOUVN JOGPSNBUJPO TDJFODF
 CVU UIF
MJOFXJEUI PG TJUF 1 JT TVċDJFOUMZ OBSSPX GPS 605� ɨF BCTPSQUJPO DPFċDJFOU GPS B
EPQJOH DPODFOUSBUJPO PG 0.1% JT 11 DN−1 BMPOH UIF D2 BYJT
 CVU B GBDUPS ∼ 10 MPXFS
BMPOH D1� 7FOFU FU BM� SFQPSUFE UIBU JU XBT QPTTJCMF UP CVSO EFFQ TQFDUSBM IPMFT
 BOE
TQFDUSBM IPMF MJGFUJNFT PG 1.6 T XFSF NFBTVSFE XJUI B 6.6 N5 NBHOFUJD mFME� ɨF SF�
TVMUT QSFTFOUFE CZ CPUI 7FOFU FU BM� BOE &RVBMM
 UIVT EFNPOTUSBUF UIBU 5N3+�:24J05

JT B QSPNJTJOH NBUFSJBM GPS 605 mMUFSJOH�

õð



5N3+�-J/C03

.FBTVSFNFOUT PO 5N3+�EPQFE DPOHSVFOU -J/C03 IBWF CFFO QSFTFOUFE CZ ɨJFM FU
BM� <ðïñ
 ðïò>� ɨF IPNPHFOFPVT MJOFXJEUI XBT SFQPSUFE UP CF ∼ 10 L)[ BU 1.5 ,
XJUI B NBHOFUJD mFME PG ∼ 35 N5
 BOE 65 L)[ BU 3 , JO [FSP NBHOFUJD mFME
 XIJDI JT
FYQFDUFE UP CF TVċDJFOUMZ OBSSPX GPS 605� ɨF BCTPSQUJPO DPFċDJFOU XBT 15 DN−1

XJUI B EPQBOU DPODFOUSBUJPO PG 0.1%
 XIJDI JT IJHI GPS NBUFSJBMT EPQFE XJUI UIJT
DPODFOUSBUJPO PG 5N3+� 4QFDUSBM IPMF MJGFUJNFT XFSF GPVOE UP CF ∼ 45 T BU 1.7 ,
GPS B NBHOFUJD mFME PG ∼ 35 N5 BMPOH UIF DSZTUBM c�BYJT� ɨF TQFDUSBM IPMF EFQUI
BDIJFWBCMF JT TPNFXIBU VODMFBS
 BOE UIJT SFRVJSFT GVSUIFS JOWFTUJHBUJPO� 5N3+�EPQFE
TUPJDIJPNFUSJD -J/C03 IBT BMTP CFFO TVHHFTUFE UP QPUFOUJBMMZ IBWF GVSUIFS JNQSPWFE
QSPQFSUJFT CZ $� 8� ɨJFM BU .POUBOB 4UBUF 6OJWFSTJUZ
 64" 	JO QFSTPOBM DPNNV�
OJDBUJPO
� )PXFWFS
 OP FYQFSJNFOUBM EBUB BSF DVSSFOUMZ BWBJMBCMF� *O PVS PQJOJPO

5N3+�-J/C03 JT BO JOUFSFTUJOH DBOEJEBUF GPS B 605 mMUFS NBUFSJBM
 BOE XF QMBO UP
QFSGPSN TQFDUSPTDPQJD NFBTVSFNFOUT PO UIJT NBUFSJBM JO UIF OFBS GVUVSF�

ô�ò�ñ ɧF 3)6�3'3 USBOTJUJPO

ɨF T1 MJGFUJNF PG UIF 3'3 MFWFM JO NPTU 5N3+�EPQFE NBUFSJBMT JT FYQFDUFE UP CF TIPSU
EVF UP OPO�SBEJBUJWF EFDBZ DBVTFE CZ NVMUJ�QIPOPO SFMBYBUJPO UP UIF MPXFS�MZJOH 3)4

NBOJGPME
 BT EFTDSJCFE JO 4FDUJPO ò�ô� $PNNPOMZ VTFE IPTU NBUFSJBMT TVDI BT :24J05

BOE :"( IBWF SBUIFS IJHI NBYJNVN QIPOPO FOFSHJFT
 MFBEJOH UP FYQFDUFE 3'3 MJGF�
UJNFT PG UIF PSEFS PG 100 OT PS MFTT� ɨJT JNQMJFT T1�MJNJUFE IPNPHFOFPVT MJOFXJEUIT
> 1 .)[
 XIJDI JT OPU GFBTJCMF GPS 605 mMUFST�

5P UIF CFTU PG UIF BVUIPS�T LOPXMFEHF
 UIF POMZ TQFDUSPTDPQJD NFBTVSFNFOUT PO UIF
3)6�3'3 USBOTJUJPO SFMFWBOU GPS BQQMJDBUJPOT JO 605 IBWF CFFO QFSGPSNFE CZ .BD�
GBSMBOF BOE %FKOFLB <ðïó>� ɨF SFTVMUT PG UIFJS TQFDUSBM IPMF CVSOJOH TUVEJFT JOEJDBUFE
UIBU UIF IPNPHFOFPVT MJOFXJEUI PG UIF 3)6�3'3 USBOTJUJPO JO 0.02% 5N3+�-B'3 JT
NVDI TNBMMFS UIBO 1 .)[ BU 1.5 ,
 XIJDI JT JOUFSFTUJOH BOE XBSSBOUT GVSUIFS TUVEJFT�

ô�ó 3BSF�FBSUI TQFDUSPTDPQZ TFU�VQ

ɨF UZQJDBM FYQFSJNFOUBM TFU�VQ VTFE GPS TQFDUSPTDPQJD NFBTVSFNFOUT PO UIVMJVN�
EPQFE DSZTUBMT JO UIF QSFTFOU XPSL JT TIPXO JO 'JHVSF ô�ô� )PXFWFS
 EJĊFSFOU DSZPTUBUT

MBTFST
 BOE EFUFDUPST
 FUD�
 XFSF VTFE� " MBTFS XJUI B OBSSPX MJOFXJEUI 	< 100 L)[

XBT VTFE UP QSPWJEF MJHIU BU UIF EFTJSFE XBWFMFOHUI� ɨF BCTPMVUF MBTFS GSFRVFODZ XBT
SFDPSEFE VTJOH B XBWFNFUFS� " 'BCZ�1FSPU JOUFSGFSPNFUFS XBT VTFE UP DBMJCSBUF XJEFS
	∼ 10−100 ()[
 GSFRVFODZ TDBOT� "O BDPVTUP�PQUJD NPEVMBUPS 	"0.
 XBT VTFE GPS
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QVMTF TIBQJOH� " SFGFSFODF EFUFDUPS SFDPSEFE UIF MJHIU CFGPSF UIF DSZTUBM� 1PMBSJ[BUJPO
PQUJDT BOE MFOTFT XFSF VTFE UP TFU UIF EFTJSFE QPMBSJ[BUJPO BOE MBTFS CFBN TJ[F BU UIF
DSZTUBM
 XIJDI XBT NPVOUFE JOTJEF B DSZPTUBU� " NBHOFUJD mFME PG VQ UP 1 5 DPVME
CF BQQMJFE BDSPTT UIF DSZTUBM� " HBUJOH "0. XBT VTFE BGUFS UIF DSZPTUBU UP TVQQSFTT
FYDJUBUJPO QVMTFT XIFO OFDFTTBSZ
 UP BWPJE TBUVSBUJOH UIF USBOTNJTTJPO EFUFDUPS
 XIJDI
EFUFDUT UIF MJHIU USBOTNJUUFE UISPVHI UIF DSZTUBM�

)LJXUH ���� *HQHUDO H[SHULPHQWDO VHW�XS XVHG IRU VSHFWURVFRSLF PHDVXUHPHQWV RQ 7P3+�GRSHG FU\VWDOV�

ô�ô ɧF 3)6�3'3 USBOTJUJPO PG UIVMJVN JO MPX QIPOPO FOFSHZ
IPTUT

1BQFS 7 QSFTFOUT NFBTVSFNFOUT PO mWF EJĊFSFOU UIVMJVN�EPQFENBUFSJBMT
 DBSSJFE PVU
JO DPMMBCPSBUJPO XJUI UIF $POF BOE ɨJFM HSPVQ BU .POUBOB 4UBUF 6OJWFSTJUZ
 64"�
'MVPSJEFT BOE BMLBMJ MFBE IBMJEFT XFSF DIPTFO BT UIF DSZTUBM IPTUT GPS UIJT TUVEZ EVF
UP UIFJS SFMBUJWFMZ MPX NBYJNVN QIPOPO FOFSHJFT
 XIJDI TIPVME USBOTMBUF JOUP MPXFS
QIPOPO SFMBYBUJPO SBUFT
 BOE UIVT QPUFOUJBMMZ JODSFBTFE 3'3 MJGFUJNFT BOE OBSSPXFS
TQFDUSBM IPMFT� 5BCMF ô�ð TVNNBSJ[FT UIF SFTVMUT�

7DEOH ���� 5HVXOWV RI VSHFWURVFRSLF PHDVXUHPHQWV RQ WKH 3+6�3)3 WUDQVLWLRQ RI 7P3+ LQ FU\VWDOV ZLWK ORZ PD[L�
PXP SKRQRQ HQHUJ\� 7KHUH DUH WZR VLWHV LQ 7P3+�&D)2 ZLWK C3V DQG C4V V\PPHWU\ >���@�

.BUFSJBM 8BWFMFOHUI )PMF XJEUI T1 MJGFUJNF

5N3+�,1C2#S5 698.637 ON ∼ 20 .)[ 99.9 �s
5N3+�-B'3 689.556 ON 380 L)[ 1.31 �s
5N3+�#B:2'8 688.78 ON 10.9 .)[ 0.69 �s
5N3+�:-J'4 685.07 ON 8.4 .)[ �
5N3+�$B'2 C3V 694.502 ON � 1.30 �s
5N3+�$B'2 C4V 682.156 ON 25.9 .)[ 0.61 �s

4QFDUSBM IPMF XJEUIT PG ∼ 10 .)[ XFSF PCTFSWFE JO 5N3+�#B:2'8
 5N3+�:-J'4 BOE
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5N3+�$B'2 	C4V TJUF

 JOEJDBUJOH UIBU UIFTF NBUFSJBMT BSF VOTVJUBCMF GPS 605 mM�
UFSJOH� )PMF CVSOJOH TQFDUSPTDPQZ PO 5N3+�$B'2 	C3V TJUF
 XBT QSFWFOUFE CZ MBTFS
UVOBCJMJUZ QSPCMFNT
 BOE UIF nVPSFTDFODF TJHOBM XBT UP XFBL UP NFBTVSF UIF T1 MJGF�
UJNF JO 5N3+�:-J'4� " MBTFS XJUI B NVDI CSPBEFS MJOFXJEUI IBE UP CF VTFE UP SFBDI
UIF USBOTJUJPO XBWFMFOHUI JO 5N3+�,1C2#S5� ɨF ∼ñï .)[ IPMF XJEUI NFBTVSFE
JO UIJT NBUFSJBM XBT MJNJUFE CZ UIF MBTFS MJOFXJEUI� )PXFWFS
 UIF MPOH T1 MJGFUJNF
JO 5N3+�,1C2#S5
 TVHHFTUT UIBU JU NBZ CF QPTTJCMF UP TJHOJmDBOUMZ EFDSFBTF UIF IPMF
XJEUI CZ OBSSPXJOH UIF MBTFS MJOFXJEUI� ɨF CVSOJOH PG 380 L)[ XJEF IPMFT XBT
QPTTJCMF JO 5N3+�-B'3
 JOEJDBUJOH UIBU UIF NBUFSJBM JT B QPUFOUJBM DBOEJEBUF GPS 605
mMUFSJOH
 BOE NPUJWBUJOH GVSUIFS TQFDUSPTDPQJD TUVEJFT�

ô�õ ɧVMJVN�EPQFE -B'3

-BOUIBOVN USJnVPSJEF DBO CF EFTDSJCFE BT B USJHPOBM VOJU DFMM XJUI MBUUJDF QBSBNFUFST
a = 0.72 ON BOE c = 0.74 ON
 BOE FYIJCJUT UISFF�GPME 	C 3
 SPUBUJPO TZNNFUSZ BCPVU
UIF DSZTUBM c�BYJT <ðïõ
 ðïö>� -B'3 JT VOJBYJBM XJUI UIF PQUJDBM BYJT DPJODJEJOH XJUI UIF
c�BYJT
 BOE UIF SFGSBDUJWF JOEFY JO UIF WJTJCMF BOE OFBS�JOGSBSFE XBWFMFOHUI SFHJPOT JT
BCPVU 1.6� 3BSF�FBSUI EPQBOUT SFQMBDF MBOUIBOVN JO TJUFT PG UXP�GPME C 2 TZNNFUSZ�
*O UPUBM
 UIFSF BSF UISFF NBHOFUJDBMMZ OPO�FRVJWBMFOU TJUFT� 'JHVSF ô�õ JMMVTUSBUFT IPX
UIF 5N3+�-B'3 TBNQMFT XFSF PSJFOUFE JO UIF TQFDUSPTDPQJD NFBTVSFNFOUT QSFTFOUFE
JO UIJT XPSL
 J�F�
 UIF c�BYJT BOE POF PG UIF C 2 BYFT XFSF CPUI BMJHOFE XJUI TJEFT PG UIF
DVCPJE TBNQMFT� ɨF TBNQMFT IBE 5N3+ EPQJOH DPODFOUSBUJPOT PG BCPVU 0.1%
 0.5%

BOE 1%�

c-axis C21

C22
C23

120°

)LJXUH ���� 2ULHQWDWLRQ RI WKH 7P3+�/D)3 VDPSOHV RQ ZKLFK VSHFWURVFRSLF LQYHVWLJDWLRQV ZHUH SHUIRUPHG� 7KH
FU\VWDO c�D[LV DQG RQH RI WKH C 2 D[HV ZHUH DOLJQHG ZLWK VLGHV RI WKH FXERLG FXW VDPSOHV�
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ô�õ�ð $SZTUBM mFME MFWFM TUSVDUVSF

,OPXMFEHF PG UIF FOFSHZ PG UIF MPXFTU�UP�MPXFTU USBOTJUJPO JT HFOFSBMMZ TVċDJFOU GPS
605
 BOE UIF FOFSHZ PG UIF PUIFS DSZTUBM mFME MFWFMT NBZ CF DPOTJEFSFE MFTT JNQPSUBOU�
'SPN BO BUPNJD QIZTJDT QFSTQFDUJWF JU NBZ
 IPXFWFS
 CF VTFGVM UP LOPX UIF TQMJUUJOH
UP OFBSCZ DSZTUBM mFME MFWFMT
 TJODF UIJT DBO IFMQ JNQSPWF PVS VOEFSTUBOEJOH PG UIF
NFDIBOJTNT UIBU MJNJU UIF IPNPHFOFPVT MJOFXJEUI BOE TQFDUSBM IPMF MJGFUJNFT� ɨF
FOFSHZ MFWFM TUSVDUVSF PG 5N3+�-B'3 BU MJRVJE IFMJVN UFNQFSBUVSF XBT NFBTVSFE CZ
$BSOBMM FU BM� BMSFBEZ JO 1970 <ðï÷>� 1BQFS 7 QSFTFOUT CPUI BCTPSQUJPO TQFDUSB BSPVOE
685−690 ON BOE UIF nVPSFTDFODF TQFDUSVN GSPN 3)4 VTFE UP PCUBJO UIF DSZTUBM mFME
TUSVDUVSFT PG UIF 3'3 BOE 3)6 MFWFMT
 SFTQFDUJWFMZ� #FDBVTF UIVMJVN JPOT PDDVQZ TJUFT
PG MPX TZNNFUSZ JO -B'3
 2J +1 TQFDUSBM MJOFT TIPVME CF PCTFSWFE JO UIF BCTPSQUJPO
TQFDUSB
 DPSSFTQPOEJOH UP USBOTJUJPOT GSPN UIF MPXFTU FOFSHZ DSZTUBM mFME MFWFM PG 3)6

UP FBDI PG UIF 2J +1 DSZTUBM mFME MFWFMT JO UIF 3'3 4UBSL NBOJGPME� )PXFWFS
 POMZ 6
MJOFT XFSF PCTFSWFE JO UIF QSFTFOU XPSL� ɨF FOFSHJFT NFBTVSFE JO UIJT XPSL BOE CZ
$BSOBMM FU BM� <ðï÷> BSF TVNNBSJ[FE JO 5BCMF ô�ñ�

7DEOH ���� 2EVHUYHG HQHUJ\ VWUXFWXUH RI WKH 3+6� 3+4� DQG 3)3 OHYHOV PHDVXUHG LQ WKLV ZRUN �3DSHU 9� DQG E\
&DUQDOO HW DO� >���@�

-FWFM ɧJT XPSL 	DN−1
 $BSOBMM FU BM� <Ǻǹȁ> 	DN−1

3)6 ǹ ǹ

ǿȂ�Ǽ ǿȀ
ȂǾ�ǹ �
Ǻǻǽ�Ǻ ǺǺȁ
ǺǼǿ�ǽ �
ǺǾȂ �
ǺȁǾ �
ǻǹȀ �
ǻǻȁ �
ǻǽǺ �
ǻȀǽ �
ǼǽǼ �
ǼȀǼ �

3)4 Ǻǻ ǾǾǽ�ǿ Ǻǻ ǾǿǺ
3'3 Ǻǽ Ǿǹǻ�Ǻ Ǻǽ Ǿǹȁ

Ǻǽ ǾǼǼ�Ȁ Ǻǽ ǾǼȂ
Ǻǽ Ǿǽȁ�ǹ Ǻǽ ǾǾǽ
Ǻǽ ǾǽȂ�ǻ Ǻǽ ǾǿȂ
Ǻǽ Ǿȁǻ�Ȃ Ǻǽ Ǿȁȁ
Ǻǽ ǾȂǺ�ǹ Ǻǽ ǾȂǿ
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ô�õ�ñ *OIPNPHFOFPVT PQUJDBM BCTPSQUJPO

ɨF 3)6�3'3 BOE 3)6�3)4 USBOTJUJPOT IBWF XBWFMFOHUIT PG 689.556 BOE 796.521 ON

SFTQFDUJWFMZ� ɨFTF USBOTJUJPOT BSF TUSPOHMZ QPMBSJ[FE QFSQFOEJDVMBS UP UIF DSZTUBM c�
BYJT� ɨF BCTPSQUJPO DPFċDJFOU PG MJHIU QSPQBHBUJOH BMPOH UIF c�BYJT
 JT UIFSFGPSF UIF
TBNF SFHBSEMFTT PG JOQVU QPMBSJ[BUJPO
 XIJDI JT CFOFmDJBM XIFO mMUFSJOH EFQPMBSJ[FE
MJHIU
 BT JO 605�

ɨF JOIPNPHFOFPVT BCTPSQUJPO PG UIF 3)6�3'3 USBOTJUJPO XBT PCUBJOFE CZ NFBTVS�
JOH UIF PQUJDBM USBOTNJUUBODF UISPVHI UIF DSZTUBM XIJMF GSFRVFODZ TDBOOJOH UIF MBTFS
BSPVOE UIF USBOTJUJPO XBWFMFOHUI
 BOE DPOWFSUJOH JU UP UIF BCTPSQUJPO DPFċDJFOU VT�
JOH UIF #FFS�-BNCFSU MBX� " QFBL BCTPSQUJPO DPFċDJFOU PG 15.2 DN−1 XBT NFBTVSFE
GPS UIF TBNQMF DPOUBJOJOH 0.5% 5N3+
 BT TIPXO JO 'JHVSF ô�ö	B
� ɨJT JT TVċDJFOU GPS
605
 TJODF B 1.2 DN MPOH DSZTUBM 	XIJDI JT B SFBTPOBCMF TJ[F UP HSPX
 TFF 3FG� <ðïø>
BOE 4FDUJPO ô�õ�ö

 TIPVME UIFPSFUJDBMMZ QSPWJEF ∼ 80 E# PQUJDBM BUUFOVBUJPO�
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)LJXUH ���� �D� ,QKRPRJHQHRXV DEVRUSWLRQ SURýOH RI WKH 3+6�3)3 WUDQVLWLRQ DQG �E� LQKRPRJHQHRXV DEVRUSWLRQ
SURýOH RI WKH 3+6�3+4 WUDQVLWLRQ� 7KH VROLG EOXH DQG JUHHQ OLQHV LQ �E� DUH /RUHQW]LDQ ýWV WR WKH GDWD
�V\PEROV�� 7KH LQKRPRJHQHRXV DEVRUSWLRQ SURýOH IRU WKH 3+6�3+4 WUDQVLWLRQ LQ 0.1% 7P3+�/D)3 �UHG
OLQH� ZDV SORWWHG EDVHG RQ WKH SHDN DEVRUSWLRQ FRHIýFLHQW DQG OLQHZLGWK JLYHQ E\0DFIDUODQH >���@�

ɨF 3)6�3)4 USBOTJUJPO
 IPXFWFS
 IBE B TJHOJmDBOUMZ MPXFS QFBL BCTPSQUJPO DPFċ�
DJFOU PG 3.2 DN−1 GPS B EPQJOH DPODFOUSBUJPO PG 0.5%
 BT DBO CF TFFO JO 'JHVSF ô�ö	C
�
ɨF EBUB XFSF DPMMFDUFE VTJOH UIF PQUJDBM OVUBUJPO UFDIOJRVF EFTDSJCFE
 GPS FYBNQMF

CZ 7FHB FU BM� <ððï>
 XIFSF UIF JOJUJBM BOE mOBM USBOTNJTTJPO PG B TJOHMF�GSFRVFODZ

DPOTUBOU�JOUFOTJUZ MBTFS QVMTF BSF DPNQBSFE UP DBMDVMBUF UIF BCTPSQUJPO DPFċDJFOU�
*ODSFBTJOH UIF EPQJOH DPODFOUSBUJPO GSPN 0.5% UP 1.0% VOGPSUVOBUFMZ POMZ EPVCMFE
UIF JOIPNPHFOFPVT MJOFXJEUI XJUIPVU JODSFBTJOH UIF QFBL BCTPSQUJPO DPFċDJFOU� 5P
BDIJFWF ∼ 80 E# BUUFOVBUJPO
 B 5.8 DN MPOH DSZTUBM XPVME CF SFRVJSFE� "T NFOUJPOFE
BCPWF
 MPOH DSZTUBMT DBO CF VTFE
 BT MJHIU XJMM CF HVJEFE WJB UPUBM JOUFSOBM SFnFDUJPO�
)PXFWFS
 CBTFE PO UIFTF SFTVMUT
 PVS HSPVQ QMBOT UP JOWFTUJHBUF PUIFS IPTUT JOTUFBE


õõ



GPS FYBNQMF -J/C03
 XIFSF UIF 3)6�3)4 QFBL BCTPSQUJPO DPFċDJFOU JT IJHIFS�

ô�õ�ò 0QUJDBM IPNPHFOFPVT MJOFXJEUI� 5FNQFSBUVSF EFQFOEFODF

ɨF IPNPHFOFPVT MJOFXJEUI DBO CF EFUFSNJOFE VTJOH B UFDIOJRVF LOPXO BT QIPUPO
FDIP TQFDUSPTDPQZ� 1IPUPO FDIPFT BSF TJNJMBS UP TQJO FDIPFT JO OVDMFBS NBHOFUJD SFT�
POBODF� ɨF UFDIOJRVF IBT CFFO XFMM EFTDSJCFE JO UIF MJUFSBUVSF
 TFF
 GPS FYBNQMF

<ððð>
 BOE UIFSFGPSF
 POMZ B CSJFG EFTDSJQUJPO JT HJWFO IFSF� " TIPSU MBTFS QVMTF DSFBUFT
DPIFSFODF CFUXFFO UIF HSPVOE BOE FYDJUFE TUBUFT GPS JPOT XJUIJO B OBSSPX CBOEXJEUI
PG UIF JOIPNPHFOFPVT BCTPSQUJPO QSPmMF� *OJUJBMMZ UIF JPOT BSF JO QIBTF
 CVU UIFZ EF�
QIBTF EVF UP UIFJS EJĊFSFOU SFTPOBODF GSFRVFODJFT� "U B UJNF τ12 BGUFS UIF mSTU QVMTF
 B
TFDPOE TIPSU MBTFS QVMTF JT EFMJWFSFE
 XIJDI SFWFSTFT UIF EFQIBTJOH EVF UP UIF EJĊFSFOU
SFTPOBODF GSFRVFODJFT� "U B UJNF τ12 BGUFS UIF TFDPOE QVMTF
 UIF JPOT SFQIBTF
 BOE FNJU
B CVSTU PG SBEJBUJPO DBMMFE B QIPUPO FDIP� ɨF BCJMJUZ PG UIF JPOT UP SFQIBTF EFQFOET
PO UIFJS T2 DPIFSFODF UJNF� ɨF T2 DPIFSFODF UJNF DBO CF PCUBJOFE CZ NFBTVSJOH
UIF EFDSFBTF PG UIF JOUFOTJUZ PG UIF FNJUUFE FDIP BT B GVODUJPO PG UIF UJNF CFUXFFO UIF
FYDJUBUJPO QVMTFT τ12� ɨF IPNPHFOFPVT MJOFXJEUI DBO CF DBMDVMBUFE GSPN T2 VTJOH
&RVBUJPO 	ò�ð
�

ɨF UFNQFSBUVSF EFQFOEFODF PG UIF PQUJDBM IPNPHFOFPVT MJOFXJEUI PG UIF 3)6�3'3

USBOTJUJPOT JO 1%5N3+�-B'3 XBTNFBTVSFE VTJOH QIPUPO FDIPFT XJUI SFTVMUT QSFTFOUFE
JO 'JHVSF ô�÷� ɨF EBUB XFSF mUUFE UP B NPEFM EFTDSJCJOH MJOFXJEUI CSPBEFOJOH EVF UP
EJSFDU QIPOPO USBOTJUJPOT UP B OFBSCZ DSZTUBM mFME MFWFM <ððñoððó>�

Γ= Γ0 +αD(F
∆

kT −1)−1 	ô�ò


XIFSF
 Γ0 JT UIF VMUJNBUF MJOFXJEUI BU BCTPMVUF [FSP UFNQFSBUVSF
 ∆ UIF FOFSHZ TFQ�
BSBUJPO UP UIF DSZTUBM mFME MFWFM
 BOE αD UIF DPVQMJOH DPFċDJFOU� ɨF QBSBNFUFST
FYUSBDUFE GSPN UIF mU XFSF ∆= 25.5 DN−1
 Γ0 = 170 L)[
 BOE αD = 0.76 ()[� ɨF
FOFSHZ TFQBSBUJPO UP UIF OFBSFTU DSZTUBM mFME MFWFM JO 3'3 JT 31.6 DN−1 	TFF 5BCMF ô�ñ
�
ɨFTF SFTVMUT UIVT TVQQPSU UIBU SFTPOBOU QIPOPO BCTPSQUJPO UP UIF BEKBDFOU DSZTUBM
mFME MFWFM JO 3'3 DPOUSJCVUF NPTUMZ UP MJOFXJEUI CSPBEFOJOH JO UIF JOWFTUJHBUFE UFN�
QFSBUVSF SBOHF� /P DMFBS DIBOHF JO UIF IPNPHFOFPVT MJOFXJEUI XBT PCTFSWFE XIFO
BQQMZJOH B 100 N5 NBHOFUJD mFME� )PNPHFOFPVT MJOFXJEUIT EPXO UP 117 L)[ 	T1�
MJNJUFE MJOFXJEUI
 XFSF NFBTVSFE JO UIF 0.1%5N3+�-B'3 TBNQMF 	TFF UIF UIFTJT CZ
.BSTI <óð>
� ɨVMJVN DPODFOUSBUJPO UIVT BQQFBST UP BĊFDU UIF MJOFXJEUI� ɨF SF�
TVMUT QSPWJEF VTFGVM JOGPSNBUJPO PO UIF UFNQFSBUVSF SFRVJSFE UP VTF 5N3+�-B'3 JO
605� *U DBO CF TFFO GSPN 'JHVSF ô�÷ UIBU UIF IPNPHFOFPVT MJOFXJEUI PG UIF 3)6�3'3

USBOTJUJPO JT OPU TJHOJmDBOUMZ EFDSFBTFE BU UFNQFSBUVSFT MPXFS UIBO 3 ,
 CVU JT SBQJEMZ
JODSFBTFE BU UFNQFSBUVSFT IJHIFS UIBO 3 ,� 5FNQFSBUVSFT PG ∼ 3 , BSF BDIJFWBCMF XJUI
DPNQBSBUJWFMZ DPNQBDU IJHI�FUFOEVF DPNNFSDJBM DMPTF�DZDMF DSZPTUBUT�
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*U NVTU CF OPUFE UIBU B EBZ�UP�EBZ WBSJBUJPO JO UIF IPNPHFOFPVT MJOFXJEUI NFBTVSFE
BU B TQFDJmD UFNQFSBUVSF PG BMNPTU 10% XBT PCTFSWFE JO UIF 1% TBNQMF� ɨJT JT MBSHFS
UIBO UIF VODFSUBJOUZ JO UIF IPNPHFOFPVT MJOFXJEUI PCUBJOFE GSPN B UZQJDBM FDIP
EFDBZ NFBTVSFNFOU
 BOE JOEJDBUFT TZTUFNBUJD FSSPS� *O HFOFSBM
 UIF SBOEPN FSSPS JT
PGUFO TNBMMFS UIBO UIF TZTUFNBUJD FSSPS JO NBOZ PG UIF TQFDUSPTDPQJD NFBTVSFNFOUT
QSFTFOUFE JO UIJT UIFTJT� ɨF FSSPS CBST EVF UP SBOEPN FSSPS BSF PGUFO PG TJNJMBS TJ[F PS
TNBMMFS UIBO UIF TZNCPMT EJTQMBZFE JO UIF QMPUT� "O BDDVSBDZ CFUUFS UIBO 10% JT OPU
OFDFTTBSZ XIFO DIBSBDUFSJ[JOH UIF TQFDUSPTDPQJD QSPQFSUJFT PG B NBUFSJBM GPS 605�

Best-fit parameters

� �= 170 kHz

��= 0.76 GHz

��= 25.5 cm-1 
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)LJXUH ���� 7HPSHUDWXUH GHSHQGHQFH RI WKH KRPRJHQHRXV OLQHZLGWK RI WKH 3+6�3)3 WUDQVLWLRQV LQ 1%7P3+�/D)3
LQ ]HUR PDJQHWLF ýHOG� 7KH HUURU EDUV RQ WKH H[SHULPHQWDO GDWD UHSUHVHQWV WKH 95% FRQýGHQFH
LQWHUYDO� 7KH VROLG EODFN OLQH LV D ýW WR (TXDWLRQ ������ 7KH EHVW�ýW SDUDPHWHUV DUH VKRZQ LQ WKH
LQVHUW�

.BDGBSMBOF IBWF QSFWJPVTMZ SFQPSUFE B IPNPHFOFPVT MJOFXJEUI PG 45 L)[ GPS UIF
3)6�3)4 USBOTJUJPO 0.1%5N3+�-B'3 BU 1.5 , <øø>� 8F NFBTVSFE B IPNPHFOFPVT
MJOFXJEUI PG BCPVU 65 L)[ JO 1%5N3+�-B'3 BU 2.17 ,� ɨF MJOFXJEUI XBT EFDSFBTFE
UP ∼ 30 L)[ XIFO BQQMZJOH NBHOFUJD mFME PG 100 N5� *O HFOFSBM
 UIF IPNPHFOFPVT
MJOFXJEUI PG UIF 3)6�3)4 USBOTJUJPO JT OBSSPX FOPVHI GPS BQQMJDBUJPOT JO 605�

ô�õ�ó -JGFUJNFT PG 3)4 BOE 3'4

*G B TQFDUSBM IPMF JT CVSOU JO UIF 3)6�3'3 USBOTJUJPO
 JPOT XJMM EFDBZ GSPN UIF 3'3 UP
UIF 3)4 MFWFM PO B UJNFTDBMF PG ∼ 1�s� " GSBDUJPO (1−β) PG UIF QPQVMBUJPO XJMM EFDBZ
GSPN 3)4 UP 3)6� ɨF SFNBJOJOH GSBDUJPO β XJMM CSBODI UP 3'4
 CFGPSF TVCTFRVFOUMZ
EFDBZJOH UP 3)6� "T NFOUJPOFE BCPWF
 UIF 3)5 MFWFM JT BTTVNFE UP CF WFSZ TIPSU�MJWFE
DPNQBSFE UP UIF 3)4 BOE 3'4 MFWFMT
 BOE JT UIFSFGPSF OPU JODMVEFE JO UIF BOBMZTJT JO
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UIJT TFDUJPO�

5JNF�SFTPMWFE TQFDUSBM IPMF CVSOJOH NFBTVSFNFOUT BSF VTFGVM GPS EFUFSNJOJOH QPQV�
MBUJPO SFMBYBUJPO EZOBNJDT� " TQFDUSBM IPMF JT mSTU CVSOU
 BOE UIFSFBGUFS QSPCFE VTJOH
GSFRVFODZ TDBOOJOH MBTFS QVMTFT BU EJĊFSFOU UJNF EFMBZT� ɨF BSFB PG UIF TQFDUSBM IPMF
JT QSPQPSUJPOBM UP UIF EJĊFSFODF JO QPQVMBUJPO CFUXFFO UIF 3)6 BOE 3'3 MFWFMT
 BOE
UIF MJGFUJNFT PG UIF MFWFMT JOWPMWFE DBO UIFSFGPSF CF FYUSBDUFE EJSFDUMZ GSPN UIF TQFDUSBM
IPMF EFDBZ� )PXFWFS
 TJODF UIF QPQVMBUJPO PG UIF 3'3 MFWFM EFDBZT SBQJEMZ
 UIJT MFWFM
TIPVME OPU CF FBTJMZ PCTFSWBCMF JO B TQFDUSBM IPMF EFDBZ� " EPVCMF FYQPOFOUJBM EFDBZ
JT UIFSFGPSF FYQFDUFE XJUI UJNF DPOTUBOUT DPSSFTQPOEJOH UP UIF 3)4 BOE 3'4 MJGFUJNFT�
ɨF FYQSFTTJPO GPS UIF UJNF�EFQFOEFOU IPMF BSFB DBO CF EFSJWFE GSPN SBUF FRVBUJPOT
BT�

∆α(t )
∆α(0)

= F−
t

TA + βTB

TB −TA
(F−

t
TB − F−

t
TA ) 	ô�ó


XIFSF T" BOE T# BSF UIF MJGFUJNFT PG 3)4 BOE 3'4
 SFTQFDUJWFMZ
 ∆α(t ) JT UIF UJNF�
EFQFOEFOU IPMF BSFB
 BOE ∆α(0) JT UIF JOJUJBM IPMF BSFB�

.FBTVSFNFOUT PG B TQFDUSBM IPMF EFDBZ BSF TIPXO JO 'JHVSF ô�ø� ɨF FYQFDUFE EPVCMF
FYQPOFOUJBM EFDBZ XBT PCTFSWFE
 BOE MJGFUJNFT PG 3.4± 0.2 BOE 15.7± 0.5 NT XFSF
PCUBJOFE GPS UIF 3)4 BOE 3'4 MFWFMT
 SFTQFDUJWFMZ
 XJUI β = 39± 2%� )POH FU BM�
IBWF QSFWJPVTMZ SFQPSUFE B 3'4 nVPSFTDFODF MJGFUJNF PG 15.6 NT NFBTVSFE BU SPPN
UFNQFSBUVSF <ðïø>
 XIJDI JT JO HPPE BHSFFNFOU XJUI UIF QSFTFOU SFTVMUT� )VBOH FU BM�
SFQPSUFE B 3)4 nVPSFTDFODF MJGFUJNF PG 2.1 NT BU SPPN UFNQFSBUVSF <ððô>� UIF SFBTPO
GPS UIF EJTDSFQBODZ JT OPU LOPXO�
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)LJXUH ���� 7UDQVLHQW VSHFWUDO KROH DUHD GHFD\ LQ ���� 7P3+�/D)3 DW D WHPSHUDWXUH RI � .� 7KH VSHFWUDO KROH
ZDV EXUQW RQ WKH 3+6�3)3 WUDQVLWLRQ XVLQJ D �� µV GXUDWLRQ SXOVH� )UHTXHQF\ VFDQQHG SXOVHV ZHUH
WKHUHDIWHU XVHG WR UHDG RXW WKH VSHFWUDO KROH DW GLIIHUHQW WLPH GHOD\V� 7KH OLIHWLPHV RI 3+4 DQG 3)4�
DQG WKH EUDQFKLQJ UDWLR VKRZQ LQ WKH LQVHUW ZHUH REWDLQHG E\ ýWWLQJ WKH GDWD WR (TXDWLRQ ������

õø



ô�õ�ô )PMF CVSOJOH JO B NBHOFUJD mFME� ;FFNBO TQMJUUJOH

ɨF EFHFOFSBDZ PG UIF OVDMFBS TQJO TUBUFT JT MJGUFE JO UIF QSFTFODF PG B NBHOFUJD mFME
	TFF 'JHVSF ô�ó
� 4QFDUSBM IPMFT DBO UIFO CF CVSOU JOUP UIF OVDMFBS TUBUFT� ɨF TQMJUUJOH
PG UIF HSPVOE BOE FYDJUFE TUBUFT DBO CF EFEVDFE GSPN UIF TJEF IPMF BOE BOUJIPMF
TUSVDUVSF PCUBJOFE GSPN TQFDUSBM IPMF CVSOJOH NFBTVSFNFOUT 	TFF 4FDUJPO ò�ò
� ɨF
TQMJUUJOH EFQFOET PO UIF NBHOFUJD mFME TUSFOHUI BOE PSJFOUBUJPO� 'PS B mFME BQQMJFE
BMPOH UIF DSZTUBM c�BYJT
 UIF TJUFT BSF NBHOFUJDBMMZ FRVJWBMFOU 	TFF 'JHVSF ô�õ

 BOE UIF
TQMJUUJOH TIPVME CF JEFOUJDBM GPS BMM TJUFT� *G UIF NBHOFUJD mFME JT BQQMJFE BMPOH BO
BSCJUSBSZ EJSFDUJPO
 GPS FYBNQMF
 JO UIF QMBOF QFSQFOEJDVMBS UP UIF c�BYJT
 UIF TJUFT BSF
OPU NBHOFUJDBMMZ FRVJWBMFOU
 BOE UIF TQMJUUJOH GPS UIF EJĊFSFOU TJUFT NBZ EJĊFS�

&YBNQMFT PG TQFDUSBM IPMFT CVSOU JO CPUI UIF 3)6�3'3 BOE 3)6�3)4 USBOTJUJPOT XJUI
B NBHOFUJD mFME BQQMJFE BMPOH UIF DSZTUBM c�BYJT BSF TIPXO JO 'JHVSF ô�ðï� ɨF MBTFS
CFBN XBT QSPQBHBUJOH QBSBMMFM UP UIF c�BYJT
 BOE UIF QPMBSJ[BUJPO XBT BMJHOFE QBSBMMFM
UP POF PG UIF C 2 BYFT� 0OF TJEF IPMF QBJS BOE UISFF BOUJ�IPMF QBJST BSF FYQFDUFE JO B
TZTUFN XJUI UXP HSPVOE TUBUFT BOE UXP FYDJUFE TUBUFT
 IPXFWFS
 UIJT XBT OPU PCTFSWFE
JO UIF EBUB� ɨF QSFTFODF PG XFBL TJEF TUSVDUVSF 	JOEJDBUFE CZ UIF SFE EBTIFE BSSPXT JO
'JHVSF ô�ðï
 JOEJDBUFT BEEJUJPOBM JOUFSBDUJPOT
 DPNNPOMZ SFGFSSFE UP BT TVQFSIZQFSmOF
JOUFSBDUJPOT <ððõ>
 NFBOJOH UIBU UIF UIVMJVN JPO USBOTJUJPO BMTP JOWPMWFT UIF TQJO�
nJQ PG B IPTU OVDMFVT� ɨF nVPSJOF OVDMFVT IBT B MBSHF HZSPNBHOFUJD SBUJP PG BCPVU
40.1 .)[�5 <ððö>
 BOE UIJT JT FYQFDUFE UP CF TJNJMBS
 BMTP JO UIF -B'3 MBUUJDF <ððõ>�
*OEFFE
 TJEF TUSVDUVSF TQMJUUJOH BU BCPVU 40.1 .)[�5 DBO CF PCTFSWFE JO UIF IPMF
CVSOJOH TQFDUSVN JO 'JHVSF ô�ðï	C
� ɨF PUIFS XFBL TUSVDUVSFT BMTP DPOUBJO UIF ≈
40 .)[�5 DPNQPOFOU� 'PS FYBNQMF
 UIF EJĊFSFODF JO GSFRVFODZ CFUXFFO UIF XFBL
BOE TUSPOH TJEF IPMF QBJST JO 'JHVSF ô�ðï	B
 JT 55.6−15.4 = 40.2 .)[�5�

ɨF TUSPOHFS TJEF TUSVDUVSF JT EVF UP UIF TQMJUUJOH UZQJDBMMZ FYQFDUFE JO UIVMJVN TZTUFNT
BT JMMVTUSBUFE JO 'JHVSF ô�ó� ɨF TJEF IPMFT EJSFDUMZ HJWF B TQMJUUJOH PG UIF FYDJUFE TUBUFT
∆F PG 56 .)[�5 BOE 147 .)[�5 GPS UIF 3'3 BOE 3)4 MFWFMT
 SFTQFDUJWFMZ� ɨF TUSPOH
BOUJIPMFT BU 34 .)[�5 BQQFBS JO UIF TQFDUSB GPS CPUI USBOTJUJPOT
 BOE JT UIVT UIF 3)6

HSPVOE TUBUF TQMJUUJOH ∆H� ɨF BOUJIPMF QBJS FYQFDUFE BU ±(∆F+∆H) UP UIF NBJO IPMF
XBT OPU PCTFSWFE JO UIF IPMF CVSOJOH TQFDUSB� ɨF BCTFODF PG UIFTF BOUJIPMFT JOEJDBUF
UIBU UIF USBOTJUJPOT XIFSF ∆m* = 0 BSF TUSPOHFS DPNQBSFE UP UIF USBOTJUJPOT XIFSF
∆m* ,= 0 <øö>�
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)LJXUH ����� 7UDQVPLVVLRQ WKURXJK VSHFWUDO KROHV EXUQW LQ 1%7P3+�/D)3 ZLWK D PDJQHWLF ýHOG DORQJ WKH FU\VWDO
c�D[LV IRU �D� WKH 3+6�3)3 WUDQVLWLRQ �E� WKH 3+6�3+4 WUDQVLWLRQ�

ô�õ�õ )PMF CVSOJOH JO B NBHOFUJD mFME� )PMF MJGFUJNFT

ɨF MJGFUJNFT PG UIF OVDMFBS TUBUFT XFSF NFBTVSFE GPS EJĊFSFOU NBHOFUJD mFME TUSFOHUIT
BOE PSJFOUBUJPOT CZ CVSOJOH TQFDUSBM IPMFT
 BOE TVCTFRVFOUMZ SFBEJOH UIFN PVU VTJOH
GSFRVFODZ TDBOOJOH MBTFS QVMTFT BU EJĊFSFOU UJNF EFMBZT� "T NFOUJPOFE BCPWF
 UIF
EFDBZ PG UIF TQFDUSBM IPMF BSFB HJWFT UIF QPQVMBUJPO EZOBNJDT� ɨF NBHOFUJD mFME XBT
BQQMJFE FJUIFS QBSBMMFM UP UIF DSZTUBM c�BYJT
 QFSQFOEJDVMBS UP UIF c�BYJT BOE QBSBMMFM UP
POF PG UIF C 2 BYFT
 PS QFSQFOEJDVMBS UP CPUI UIF c�BYJT BOE POF PG UIF C 2 BYFT�

ɨF SFTVMUT BSF QSFTFOUFE JO 'JHVSF ô�ðð� " TJOHMF FYQPOFOUJBM EFDBZ JT FYQFDUFE XIFO
UIF NBHOFUJD mFME JT BQQMJFE QBSBMMFM UP UIF c�BYJT TJODF UIF mFME QSPKFDUJPOT PO BMM UIF
SBSF�FBSUI TJUFT BSF FRVBM� )PXFWFS
 B EPVCMF�FYQPOFOUJBM EFDBZ XBT PCTFSWFE BOE VTFE
UP mU UIF EBUB
 BOE TIPSU BOE MPOH MJGFUJNFT BSF UIFSFGPSF QSFTFOUFE JO 'JHVSF ô�ðð	B
�
ɨF MJGFUJNFT BSF ∼ 40 T BOE ∼ 250 T GPS B NBHOFUJD mFME PG 1 5� " UIJSE XFBLFS EFDBZ
DPNQPOFOU XJUI B MJGFUJNF PG B GFX TFDPOET XBT BMTP PCTFSWFE GPS B NBHOFUJD mFME
PG 1 5� ɨF SFBTPO GPS UIF BEEJUJPOBM EFDBZ DPNQPOFOUT JT OPU LOPXO BOE XBSSBOUT
GVSUIFS TUVEJFT�

'PS B NBHOFUJD mFME BQQMJFE QFSQFOEJDVMBS UP UIF DSZTUBM c�BYJT BOE FJUIFS QBSBMMFM PS
QFSQFOEJDVMBS UP POF PG UIF C 2 BYFT
 UIFSF BSF UXP NBHOFUJDBMMZ JO�FRVJWBMFOU TVC�
TJUFT� ɨF MBTFS CFBN XBT QSPQBHBUJOH QFSQFOEJDVMBS UP UIF c�BYJT XJUI UIF QPMBSJ[B�
UJPO BMJHOFE QBSBMMFM UP POF PG UIF C 2 BYFT JO UIF QSFTFOU FYQFSJNFOUT� " EPVCMF�
FYQPOFOUJBM EFDBZ JT FYQFDUFE
 XIJDI XBT BMTP PCTFSWFE JO UIF EBUB� 4QFDUSBM IPMFT
XFSF GPVOE UP QFSTJTU PG UIF PSEFS PG BO IPVS GPS B NBHOFUJD mFME BQQMJFE QFSQFOEJD�

öð



VMBS UP UIF DSZTUBM c�BYJT BT DBO CF TFFO JO 'JHVSF ô�ðð	C
 BOE 	D

 XIJDI TIPVME BMMPX
GPS MPOH 605 NFBTVSFNFOU UJNFT BGUFS mMUFS QSFQBSBUJPO�

)LJXUH ����� 'HSHQGHQFH RI QXFOHDU VSLQ�VWDWH OLIHWLPHV RQ PDJQHWLF ýHOG� �D� /LIHWLPHV LQ 1%7P3+�/D)3 IRU
D ýHOG DSSOLHG DORQJ WKH c�D[LV� �E� /LIHWLPHV LQ 0.5%7P3+�/D)3 IRU D ýHOG DSSOLHG SHUSHQGLFX�
ODU WR ERWK WKH c�D[LV DQG RQH RI WKH C 2 D[HV� �F� /LIHWLPHV LQ 0.5%7P3+�/D)3 IRU D ýHOG DSSOLHG
SHUSHQGLFXODU WR WKH c�D[LV DQG SDUDOOHO WR RQH RI WKH C 2 D[HV� 7KH HUURU EDUV UHSUHVHQWV WKH 95%
FRQýGHQFH LQWHUYDO IURP WKH ýWV� DQG DUH VPDOOHU WKDQ WKH V\PEROV IRU PRVW GDWD SRLQWV�

ô�õ�ö )JHI�DPOUSBTU TQFDUSBM IPMFT

#BTFE PO UIF 15 DN−1 PQUJDBM BCTPSQUJPO DPFċDJFOU
 MPOH TQFDUSBM IPMF MJGFUJNFT
 BOE
170 L)[ MJOFXJEUI NFBTVSFE GPS UIF 3)6�3'3 USBOTJUJPO PG 5N3+�-B'3
 UIF NBUFSJBM
BQQFBST UP CF B TVJUBCMF DBOEJEBUF GPS 605mMUFSJOH� )PXFWFS
 UIF VMUJNBUF UFTU XPVME
CF UP QSFQBSF IJHI�DPOUSBTU 605 mMUFST PG UIF NBUFSJBM� ɨJT XPVME SFRVJSF B DSZTUBM
XJUI B MBSHF PQUJDBM EFQUI
 BOE B 10×10×10 NN3 ∼ 1% 5N3+�-B'3 XBT UIFSFGPSF
BDRVJSFE 	GSPN .&(" .BUFSJBMT T�S�M�
�

ɨF FYQFSJNFOUBM TFU�VQ VTFE GPS UIF QSFQBSBUJPO BOE DIBSBDUFSJ[BUJPO PG IJHI�DPOUSBTU
TQFDUSBM IPMFT JO 1% 5N3+�-B'3 JT TIPXO JO 'JHVSF ô�ðñ� ɨF DSZTUBM XBT NPVOUFE JO�
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TJEF UIF DSZPTUBU BU 3.0 ,
 BOE B 1.0 5 NBHOFUJD mFME XBT BQQMJFE BMPOH UIF DSZTUBM
c�BYJT� ɨF DSZTUBM IBE B GFX JOUFSOBM DSBDLT� 5P BWPJE QSPQBHBUJOH UIF MBTFS CFBN
UISPVHI UIF DSBDLT
 BO JOQVU CFBN EJBNFUFS PG 2 NN 	1/F2
 XBT VTFE� ɨF MBTFS XBT
GSFRVFODZ TUBCJMJ[FE UP B 'BCSZ�1FSPU DBWJUZ 	03$�$VCJD
 .FOMP 4ZTUFNT
 VTJOH UIF
1PVOE�%SFWFS�)BMM NFUIPE� ɨF TQFDJmFE DBWJUZ ESJGU BOE mOFTTF BSF < 50 L)[�EBZ
BOE ∼ 7000
 SFTQFDUJWFMZ� ɨF MBTFS MJOFXJEUI XIFO MPDLFE UP UIF DBWJUZ IBT OPU
CFFO NFBTVSFE
 CVU JT CFMJFWFE UP CF NVDI OBSSPXFS UIBO UIF 170 L)[ IPNPHFOFPVT
MJOFXJEUI PG UIF JPOT PO B UJNF TDBMF PG ∼ 1 T
 BOE TIPVME UIFSFGPSF OPU DPOUSJCVUF
TJHOJmDBOUMZ UP UIF NFBTVSFE TQFDUSBM IPMF TIBQFT�

Detector 2
(high gain)

Detector 1
(low gain)

B = 1 T

1% Tm3+:LaF3  at 3.0 K 

Input beam diameter ~2 mm  
�c-axis (10 mm)

Reference
detector 

Beam splitter
 

From laser and 
pulse-shaping set-up  

)LJXUH ����� ([SHULPHQWDO VHW�XS XVHG WR SUHSDUH DQG FKDUDFWHUL]H KLJK FRQWUDVW VSHFWUDO KROHV LQ 7P3+�/D)3�

4QFDUSBM IPMFT XFSF SFBE PVU VTJOH GSFRVFODZ DIJSQFE QVMTFT XIJMF SFDPSEJOH UIF USBOT�
NJTTJPO UISPVHI UIF DSZTUBM� " TFU�VQ XJUI B TJOHMF USBOTNJTTJPO EFUFDUPS EPFT OPU
IBWF UIF EZOBNJD SBOHF SFRVJSFE UP SFBE PVU IJHI�DPOUSBTU TQFDUSBM IPMFT� ɨFSFGPSF

UXP EFUFDUPST XFSF VTFE 	BT TIPXO JO 'JHVSF ô�ðñ
� %FUFDUPS 1 XBT VTFE XJUI B MPX
HBJO UP EFUFDU MJHIU XJUI GSFRVFODJFT BSPVOE UIF DFOUSF GSFRVFODZ PG UIF TQFDUSBM IPMF

CVU XBT OPU BCMF UP EFUFDU MJHIU XJUI GSFRVFODJFT PG B GFX .)[ GSPN UIF TQFDUSBM IPMF
DFOUSF� %FUFDUPS 2 XBT VTFE XJUI IJHI HBJO UP EFUFDU MJHIU XJUI GSFRVFODJFT PVUTJEF
UIF QBTTCBOE PG UIF TQFDUSBM IPMF
 CVU TBUVSBUFE GPS GSFRVFODJFT OFBS UIF DFOUSF PG UIF
TQFDUSBM IPMF� ɨF USBDFT PCUBJOFE GSPN UIF UXP EFUFDUPST XFSF TQMJDFE UPHFUIFS
 BOE
UIF GSFRVFODZ SFHJPOT XIFSF UIF TJHOBM GSPN EFUFDUPS 1 XBT JO UIF OPJTF nPPS
 BOE
XIFSF EFUFDUPS 2 TBUVSBUFE XFSF EJTDBSEFE� ɨF GVMM USBOTNJTTJPO XBT PCUBJOFE CZ
UVOJOH UIF MBTFS XBWFMFOHUI B GFX PG OBOPNFUSF BXBZ GSPN UIF USBOTJUJPO
 XIFSF UIF
JPOT EP OPU BCTPSC MJHIU
 BOE TDBOOJOH UIF MBTFS GSFRVFODZ 20 ()[� ɨJT BMMPXFE UIF
DBMDVMBUJPO PG UIF PQUJDBM BUUFOVBUJPO EVF UP UIF DSZTUBM�

5XP TQFDUSBM IPMFT QSFQBSFE BU ±5 .)[ DBO CF TFFO JO 'JHVSF ô�ðò	B
� ɨJT JT B TVJUBCMF
mMUFS TUSVDUVSF GPS 605NFBTVSFNFOUT VTJOH B VMUSBTPVOE QVMTF XJUI B 5 .)[ DFOUSF
GSFRVFODZ� ɨF GPMMPXJOH MBTFS QVMTF TFRVFODF XBT VTFE UP QSFQBSF UIF TQFDUSBM IPMFT
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XIFSF UIF GSFRVFODJFT BSF HJWFO SFMBUJWF UP UIF [FSP GSFRVFODZ JO 'JHVSF ô�ðò	B
� ɨF
MBTFS DFOUSF GSFRVFODZ XBT mSTU TIJGUFE CZ +22 .)[
 BOE 600 QVMTFT XFSF EFMJWFSFE
XJUI B 3.0 .)[ MJOFBS GSFRVFODZ DIJSQ BSPVOE UIJT DFOUSF GSFRVFODZ� ɨF QVMTF EVSB�
UJPO XBT 500�s
 BOE UIF QPXFS 20 N8�ɨJT SFTVMUFE JO BO BOUJIPMF BU B GSFRVFODZ PG
0 .)[ 	TFF 'JHVSF ô�ðï
� ɨF TQFDUSBM IPMFT XFSF UIFSFBGUFS QSFQBSFE VTJOH QVMTFT XJUI
B 1.5 .)[ MJOFBS GSFRVFODZ DIJSQ XJUI B EVSBUJPO PG 250�s
 BOE B QPXFS PG 5 N8�
ɨF MBTFS DFOUSF GSFRVFODZ XBT mSTU TIJGUFE CZ +5 .)[ BOE 200 QVMTFT XFSF EFMJWFSFE�
ɨF MBTFS DFOUSF GSFRVFODZ XBT UIFO TIJGUFE CZ −5 .)[ BOE BOPUIFS 200 QVMTFT XFSF
EFMJWFSFE� ɨJT XBT SFQFBUFE B UPUBM PG UISFF UJNFT
 J�F�
 B UPUBM PG 600 QVMTFT XFSF
VTFE UP DSFBUF FBDI TQFDUSBM IPMF� ɨFSF XBT OP UFNQPSBM TFQBSBUJPO CFUXFFO BOZ PG
UIF QVMTFT
 BOE UIVT 300 NT XBT BMMPDBUFE UP QSFQBSJOH UIF BOUJIPMF BU 0 .)[
 BOE
150 NT UP QSFQBSJOH FBDI mMUFS� ɨF UPUBM EVSBUJPO PG UIF CVSO QVMTF TFRVFODF XBT
UIVT 600 NT� 'PVS GSFRVFODZ�DIJSQFE QVMTFT XFSF VTFE UP SFBE PVU UIF TQFDUSBM IPMFT
JO 'JHVSF ô�ðò	B
� ɨF QVMTFT XFSF TDBOOJOH GSPN −16 .)[ UP +1 .)[
 +1 .)[
UP −16 .)[
 −1 .)[ UP +16 .)[
 BOE +16 .)[ UP −1 .)[
 IBE B EVSBUJPO PG
0.75 NT
 BOE XFSF TFQBSBUFE CZ 5 NT� ɨF mSTU SFBE�PVU QVMTF XBT FNJUUFE 50 NT BGUFS
UIF mOBM CVSO QVMTF� ɨJT EFMBZ JT BCPVU UISFF UJNF MPOHFS UIBO UIF 3'4 MJGFUJNF
 BOE
UIF PCTFSWFE IPMF JT UIFSFGPSF EVF TPMFMZ UP QPQVMBUJPO TUPSBHF JO UIF OVDMFBS TUBUFT�
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)LJXUH ����� �D� +LJK�FRQWUDVW VSHFWUDO KROHV SUHSDUHG LQ WKH 3+6�3)3 WUDQVLWLRQ RI 7P3+�/D)3 DW 690 QP� 7KH
UHG GRWWHG OLQH LV WKH VLJQDO IURP GHWHFWRU � �ORZ JDLQ� DQG WKH VROLG JUHHQ OLQH WKH VLJQDO IURP
GHWHFWRU � �KLJK JDLQ�� �E� 'HFD\ RI WKH VSHFWUDO KROH SHDN WUDQVPLVVLRQ RYHU WLPHZKHQ DPDJQHWLF
ýHOG RI 1 7 ZDV DSSOLHG DORQJ WKH FU\VWDO c�D[LV� 7KH WUDQVPLVVLRQ GHFD\HG WR KDOI RI LWV LQLWLDO YDOXH
LQ DERXW 1 V� 1RWH WKDW WKH WLPH VFDOH LV ORJDULWKPLF�

*U DBO CF TFFO GSPN 'JHVSF ô�ðò	B
 UIBU UIF BUUFOVBUJPO BU UIF DFOUSF GSFRVFODJFT PG UIF
UXP TQFDUSBM IPMFT XBT BCPVU 6 BOE 7 E#
 SFTQFDUJWFMZ
 DPSSFTQPOEJOH UP B USBOTNJTTJPO
PG ∼ 20−25%� ɨF BUUFOVBUJPO BU 0 .)[ XBT BCPVU 57 E#� ɨVT
 UIF mMUFS DPOUSBTU
XBT BCPVU 50 E#
 XIJDI JT B WFSZ QSPNJTJOH SFTVMU GPS 605mMUFSJOH VTJOH UIF 3)6�3'3

USBOTJUJPO JO 5N3+�-B'3� ɨF TIBSQ GSFRVFODZ SPMM�PĊ TFFO JO 'JHVSF ô�ðò	B

 JOEJDBUFT
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UIBU IJHI DPOUSBTU mMUFST NBZ CF QSFQBSFE GPS TNBMMFS GSFRVFODZ TFQBSBUJPOT
 XIJDI BSF
EFTJSBCMF GPS DFSUBJO NFEJDBM BQQMJDBUJPOT� 'PS FYBNQMF
 UIF BUUFOVBUJPO BU 2.5 .)[
XBT BCPVU 45 E#� *U TIPVME CF OPUFE UIBU UIF mMUFSJOH DPOUSBTU BU 2.5 .)[ DPVME
QPUFOUJBMMZ CF JODSFBTFE CZ JOTUFBE PQUJNJ[JOH UIF QVMTF TFRVFODF VTFE UP QSFQBSF UIF
TQFDUSBM IPMFT GPS UIJT QBSUJDVMBS GSFRVFODZ�

/P BOUJIPMF TUSVDUVSF XBT PCTFSWFE XIFO CVSOJOH TQFDUSBM IPMFT OFBS UIF DFOUSF PG
UIF JOIPNPHFOFPVT QSPmMF
 BOE UIF BUUFOVBUJPO XBT MJNJUFE UP 57 E#� ɨF QSFTFOUFE
NFBTVSFNFOU SFTVMUT BSF UIFSFGPSF CFMJFWFE UP IBWF CFFO MJNJUFE UP BO BUUFOVBUJPO
PG 57 E# CZ MJHIU BU B GSFRVFODZ PVUTJEF UIF JOIPNPHFOFPVT QSPmMF
 GPS FYBNQMF

GSPN BNQMJmFE TQPOUBOFPVT FNJTTJPO GSPN UIF MBTFS TZTUFN� $POWFOUJPOBM PQUJDBM
mMUFST NBZ NJUJHBUF UIJT QSPCMFN BOE XPVME IBWF UP CF JOWFTUJHBUFE� ɨF TQFDUSBM
IPMFT TIPXO JO 'JHVSF ô�ðò	B
 XFSF QSFQBSFE BU BCPVU 3 ()[ GSPN UIF DFOUSF PG UIF
JOIPNPHFOFPVT BCTPSQUJPO QSPmMF� *O GVUVSF FYQFSJNFOUT
 JU XPVME CF JOUFSFTUJOH
UP JOWFTUJHBUF UIF mMUFS DPOUSBTU DMPTFS UP UIF DFOUSF PG JOIPNPHFOFPVT BCTPSQUJPO
QSPmMF XIFSF UIF PQUJDBM EFQUI JT HSFBUFS
 BT UIJT NBZ JNQSPWF UIF BUUFOVBUJPO PVUTJEF
UIF TQFDUSBM IPMF�

*O GVUVSF FYQFSJNFOUT
 PVS HSPVQ QMBOT UP JOWFTUJHBUF UIF TQFDUSBM IPMF DPOUSBTU PG
TDBUUFSFE MJHIU� "T B mSTU FTUJNBUF
 UIF BUUFOVBUJPO JO E# PG MJHIU JODJEFOU PO UIF DSZTUBM
BU BO BOHMF θ UP UIF DSZTUBM c�BYJT JT FYQFDUFE UP EFDSFBTF CZ B GBDUPS cos2 (θ)� )PXFWFS

UIJT NVTU CF DPOmSNFE FYQFSJNFOUBMMZ� *U TIPVME CF OPUFE UIBU θ JT UIF JOUFSOBM BOHMF
JO UIF DSZTUBM
 XIJDI JT TNBMMFS UIBO UIF JODJEFOU BOHMF
 EVF UP SFGSBDUJPO�

ɨF EFDBZ PG UIF USBOTNJTTJPO UISPVHI UIF TQFDUSBM IPMF XBT NFBTVSFE CZ QSFQBSJOH
B TJOHMF IJHI�DPOUSBTU TQFDUSBM IPMF
 BOE VTJOH GSFRVFODZ�DIJSQFE SFBE�PVU QVMTFT BU
EJĊFSFOU UJNF EFMBZT� ɨF SFTVMUT BSF QSFTFOUFE JO 'JHVSF ô�ðò	C
� ɨF USBOTNJTTJPO
EFDBZFE UP IBMG JUT JOJUJBM WBMVF JO BCPVU 1 T
 XIJDI DBO SPVHIMZ CF SFHBSEFE BT UIF
605 NFBTVSFNFOU UJNF BWBJMBCMF CFGPSF UIF mMUFS NVTU CF SFGSFTIFE� ɨF EFDBZ PG
UIF mMUFS USBOTNJTTJPO JT LOPXO
 BOE DBO CF DPNQFOTBUFE GPS JO UIF 605 EBUB� ɨF
JOJUJBM QSFQBSBUJPO PG UIF TQFDUSBM IPMF SFRVJSFT UIF SFNPWBM PG B NVDI MBSHFS OVNCFS
PG JPOT DPNQBSFE UP UIF DBTF XIFO UIF mMUFS JT SFGSFTIFE
 GPS FYBNQMF
 BGUFS EFDBZJOH
GPS 1 T� "GUFS JOJUJBM mMUFS QSFQBSBUJPO
 B TJHOJmDBOUMZ MPXFS OVNCFS PG mMUFS SFGSFTI
QVMTFT DPVME UIVT QPUFOUJBMMZ CF JOUFSMFBWFE XJUI UIF 605 QSPCF QVMTFT UP SFNPWF UIF
TNBMM GSBDUJPO PG JPOT UIBU IBT EFDBZFE UP mMM UIF TQFDUSBM IPMF� *O TVDI B TDIFNF
 NPTU
PG UIF NFBTVSFNFOU UJNF DPVME UIVT CF BMMPDBUFE UP BDRVJSJOH UIF 605 TJHOBM SBUIFS
UIBO QSFQBSJOH UIF mMUFS
 CVU UIJT NVTU CF GVSUIFS JOWFTUJHBUFE�

ɨF MJGFUJNF PG UIF OVDMFBS TUBUFT DBO BMTP CF JODSFBTFE CZ BCPVU UXP PSEFST PG NBH�
OJUVEF
 CZ JOTUFBE BQQMZJOH UIF NBHOFUJD mFME QFSQFOEJDVMBS UP UIF DSZTUBM c�BYJT 	TFF
4FDUJPO ô�õ�õ
� ɨF mMUFS EFDBZ UJNFT DBO UIFSFGPSF CF TJHOJmDBOUMZ FYUFOEFE DPN�
QBSFE UP UIF SFTVMUT JO 'JHVSF ô�ðò	C

 XIJDI XF QMBO UP JOWFTUJHBUF JO UIF GVUVSF� *O
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UIF TFU�VQ TIPXO JO 'JHVSF ô�ðñ
 JU XBT POMZ QPTTJCMF UP BQQMZ UIF NBHOFUJD mFME BMPOH
UIF c�BYJT
 BOE OP NFBTVSFNFOUT XJUI UIF NBHOFUJD mFME QFSQFOEJDVMBS UP UIF c�BYJT
DPVME CF DBSSJFE PVU� $IBOHJOH UIF EJSFDUJPO PG UIF NBHOFUJD mFME NBZ
 IPXFWFS

BĊFDU UIF CSBODIJOH SBUJP PG UIF MFWFMT JOWPMWFE� ɨJT DPVME JODSFBTF PS EFDSFBTF UIF
TQFDUSBM IPMF QFBL USBOTNJTTJPO
 BOE UIFSFGPSF UIF TQFDUSBM IPMF DPOUSBTU�

ô�ö $PODMVTJPOT

ɨF TQFDUSPTDPQJD JOWFTUJHBUJPOT QSFTFOUFE JO UIJT DIBQUFS TIPX UIBU UIF 3)6�3'3 USBO�
TJUJPO JO 5N3+�-B'3 BU 690 ON JT B QSPNJTJOH DBOEJEBUF GPS 605 mMUFSJOH� ɨF QFBL
BCTPSQUJPO DPFċDJFOU XBT GPVOE UP CF 15.2 DN−1 GPS B UIVMJVN EPQJOH DPODFOUSBUJPOT
PG 0.5%
 XIJDI JT TVċDJFOU UP PCUBJO HSFBU PQUJDBM EFQUIT VTJOH 1 DN TJ[FE DSZTUBMT�
'PS MJHIU QSPQBHBUJOH BMPOH UIF DSZTUBM c�BYJT
 UIF BCTPSQUJPO JT UIF TBNF SFHBSEMFTT
PG UIF JOQVU QPMBSJ[BUJPO� ɨF EF�QPMBSJ[FE 605 TJHOBM DPVME UIVT QSFGFSBCMZ CF mM�
UFSFE BMPOH UIJT EJSFDUJPO� ɨF NFBTVSFE MJOFXJEUI PG ∼ 170 L)[ TIPXT UIBU TQFDUSBM
IPMFT XJUI UIF ∼ .)[ CBOEXJEUI SFRVJSFE GPS 605 DPVME CF CVSOU� ɨF TQFDUSBM
IPMF MJGFUJNFT PCTFSWFE JO B NBHOFUJD mFME
 XFSF MPOHFS UIBO UIF TQFDUSBM IPMF QSFQB�
SBUJPO UJNFT
 XIJDI TIPVME BMMPX NPTU PG UIF 605 JNBHF TFRVFODF UP CF BMMPDBUFE
UP QSPCJOH UIF UJTTVF SBUIFS UIBO QSFQBSJOH UIF mMUFS� ɨF 50 E# TQFDUSBM IPMF DPO�
USBTU EFNPOTUSBUFE JO UIFTFT TUVEJFT JT B QSPNJTJOH mSTU TUFQ UPXBSET JNQSPWFE 605
CBTFE PO TQFDUSBM IPMF CVSOJOH mMUFST� 'VSUIFS PQUJNJ[BUJPO PG UIF CVSO TFRVFODF

BOE�PS JODSFBTJOH UIF PQUJDBM EFQUI PG UIF DSZTUBM
 BOE�PS DIBOHJOH UIF PSJFOUBUJPO PG
UIF NBHOFUJD mFME NBZ GVSUIFS JNQSPWF UIF DPOUSBTU�

ɨF 3)6�3)4 USBOTJUJPO JO 5N3+�-B'3 BU 797 ON XBT NFBTVSFE BOE GPVOE UP IBWF BO
QFBL BCTPSQUJPO DPFċDJFOU PG 3.2 DN−1 GPS UIVMJVN EPQJOH DPODFOUSBUJPOT PG 0.5%
BOE 1%� ɨJT JT TPNFXIBU MPX GPS 605 BQQMJDBUJPOT
 BOE GVSUIFS TUVEJFT PG UIF 3)6�
3)4 USBOTJUJPO JO UIVMJVN JO PUIFS IPTU NBZ UIFSFGPSF CF PG JOUFSFTU�
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$IBQUFS õ

4VNNBSZ BOE GVUVSF PVUMPPL

ɨF BJN PG UIF SFTFBSDI QSFTFOUFE JO UIJT UIFTJT XBT UP GVSUIFS EFWFMPQ UIF 605 UFDI�
OJRVF VTJOH TQFDUSBM IPMF CVSOJOH mMUFST
 BOE JOWFTUJHBUF JUT VMUJNBUF QPUFOUJBM GPS
PQUJDBM DPOUSBTU JNBHJOH EFFQ JOTJEF UIF IVNBO CPEZ�

ɨF FYQFSJNFOUBM BOE UIFPSFUJDBM JOWFTUJHBUJPOT QSFTFOUFE JO 1BQFST *
 ***
 � *7
 XFSF
BMM BJNFE BU DIBSBDUFSJ[JOH BOE NPEFMMJOH UIF UBHHFE BOE VOUBHHFE DPNQPOFOUT PG
UIF 605 TJHOBM� ɨF FYQFSJNFOUT XFSF QFSGPSNFE JO B TFU�VQ XJUI MPX TJHOBM DPM�
MFDUJPO FċDJFODZ
 BOE B MBTFS QPXFS TJHOJmDBOUMZ MPXFS UIBO UIF NFEJDBM TBGFUZ MJNJU�
)PXFWFS
 CZ NBUDIJOH UIF NFBTVSFE BOE DBMDVMBUFE TJHOBMT JO UJTTVF QIBOUPNT
 B CFU�
UFS VOEFSTUBOEJOH XBT PCUBJOFE PG UIF XBZ JO XIJDI UIF TJHOBM TUSFOHUI EFQFOET PO
WBSJPVT TFU�VQ QBSBNFUFST� ɨJT BMMPXFE QSFEJDUJPOT PG IPX BO PQUJNJ[FE 605 TFU�
VQ DPVME QFSGPSN JO BDUVBM UJTTVFT� ɨF SFTVMUT TVHHFTU UIBU JNBHJOH EFQUIT PG TFWFSBM
DFOUJNFUSFT TIPVME CF QPTTJCMF XJUI605CBTFE PO TQFDUSBM IPMF CVSOJOH� ɨF.POUF�
$BSMP�CBTFE NPEFM QSFTFOUFE JO 1BQFST *** � *7 DBO CF VTFE UP TJNVMBUF UIF 605
TJHOBM GSPN mSTU QSJODJQMFT
 BOE TIPXFE HPPE BHSFFNFOU XJUI FYQFSJNFOUBM NFBTVSF�
NFOUT� "MUIPVHI UIF NPEFM NVTU CF GVSUIFS WBMJEBUFE GPS B MBSHFS QBSBNFUFS TQBDF

UIJT JT B QSPNJTJOH TUFQ UPXBSET B WJSUVBM MBC GPS 605� 0VS HSPVQ QMBOT UP VTF�EFWFMPQ
UIJT NPEFM UP TJNVMBUF 605 JNBHJOH GPS TQFDJmD NFEJDBM BQQMJDBUJPOT
 TVDI BT IVNBO
CSFBTU BOE CSBJO JNBHJOH
 BOE UP JNQSPWF 605 JNBHF SFDPOTUSVDUJPO�

ɨF DPOUSBTU�UP�OPJTF SBUJPT PG UIF NBOZ EJĊFSFOU NFUIPET PG EFUFDUJOH UIF 605
TJHOBM QSFTFOUFE JO UIF MJUFSBUVSF XFSF DPNQBSFE 	1BQFS 7*
� ɨF SFTVMUT TVHHFTU UIBU
HSFBUFS JNBHJOH EFQUIT DBO CF BDIJFWFE XJUI UIF TQFDUSBM IPMF CVSOJOH NFUIPE UIBO
XJUI PUIFS NFUIPET TVDI BT TJOHMF�TIPU PĊ�BYJT IPMPHSBQIZ
 TQFDLMF DPOUSBTU
 BOE QIP�
UPSFGSBDUJWF EFUFDUJPO� *U XBT UIVT DPODMVEFE UIBU UIF TQFDUSBM IPMF CVSOJOH NFUIPE
IBT DPOTJEFSBCMF QPUFOUJBM GPS 605 BU HSFBUFS EFQUIT� )PXFWFS
 UIF mMUFS DPOUSBTU
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BDIJFWFE JO 605 FYQFSJNFOUT BU XBWFMFOHUI TVJUBCMF GPS CJPNFEJDBM BQQMJDBUJPOT
	∼ 650−950 ON
 JT 14 E#
 XIJDI JT DPOTJEFSBCMZ MPXFS UIBO UIF 30 BOE 80 E# DPOUSBTU
VTFE JO UIF DBMDVMBUJPOT QSFTFOUFE JO 1BQFS 7*�

ɨF FYQFSJNFOUT QSFTFOUFE JO 1BQFS 7 XFSF UIFSFGPSF BJNFE BU JEFOUJGZJOH OPWFM TQFD�
USBM IPMF CVSOJOH NBUFSJBMT GPS 605 BU XBWFMFOHUIT JO UIF ∼ 650−950 ON SBOHF XJUI
JNQSPWFE mMUFS DPOUSBTU� ɨJT TUVEZ GPDVTFE QBSUJDVMBSMZ PO UIF 3)6�3'3 USBOTJUJPO JO
UIVMJVN�EPQFE DSZTUBM IPTUT� ɨF SFTVMUT TIPXFE UIBU CZ DIPPTJOH IPTUT XJUI B MPX
NBYJNVN QIPUPO FOFSHZ
 TQFDUSBM IPMF CVSOJOH DPVME CF FOBCMFE PO USBOTJUJPOT UIBU
DPOWFOUJPOBMMZ FYIJCJU QPPS IPMF CVSOJOH QSPQFSUJFT� 5N3+�-B'3 XBT BMTP JEFOUJmFE
BT BO JOUFSFTUJOH DBOEJEBUF GPS 605�

'VSUIFS TQFDUSPTDPQJD TUVEJFT XFSF BMTP QSFTFOUFE PO UIF 3)6�3'3 BOE 3)6�3)4 USBO�
TJUJPOT JO 5N3+�-B'3
 BU 690 BOE 797 ON
 SFTQFDUJWFMZ� 4QFDUSBM IPMFT JO UIF 3)6�3'3

USBOTJUJPO XFSF TIPXO UP IBWF B DPOUSBTU PG 50 E# GPS B DPMMJNBUFE MBTFS CFBN
 XIJDI
JT BO FODPVSBHJOH SFTVMU GPS GVUVSF 605 CBTFE PO TQFDUSBM IPMF CVSOJOH� 'VSUIFS
TUVEJFT TIPVME CF DBSSJFE PVU UP JOWFTUJHBUF UIF mMUFS DPOUSBTU GPS TDBUUFSFE MJHIU� ɨF
mMUFS DPOUSBTU NBZ
 GPS FYBNQMF
 CF GVSUIFS JNQSPWFE CZ PQUJNJ[JOH UIF mMUFS CVSO
TFRVFODF BOE�PS UIF NBHOFUJD mFME EJSFDUJPO
 BOE�PS CZ VTJOH DSZTUBMT XJUI HSFBUFS
PQUJDBM EFQUI�

ɨF DPNQBSBUJWFMZ MPX BCTPSQUJPO DPFċDJFOU NFBTVSFE GPS UIF 3)6�3)4 USBOTJUJPO
JO 5N3+�-B'3 TIPXFE UIBU JU JT MFTT TVJUBCMF GPS 605� 'VUVSF TQFDUSPTDPQJD TUVEJFT PG
UIVMJVN JO PUIFS IPTU BSF UIFSFGPSF QMBOOFE
 JO QBSUJDVMBS
 UIVMJVN�EPQFE TUPJDIJP�
NFUSJD -J/C03�

ɨF mOEJOHT QSFTFOUFE IFSF JOEJDBUF UIBU 605 CBTFE PO TQFDUSBM IPMF CVSOJOH NBZ
CFDPNF B VTFGVM JNBHJOH NPEBMJUZ JO NFEJDJOF� *U XJMM CF JOUFSFTUJOH UP GVSUIFS JOWFT�
UJHBUF BOE EFWFMPQ 5N3+�-B'3 TP UIBU JU DBO CF VTFE JO JO WJWP BQQMJDBUJPOT� ɨJT OPWFM
mMUFS NBUFSJBM BMTP IBT UIF BEEFE CFOFmU PG CFJOH DPNQBUJCMF XJUI UIF 5J�TIBQQJSF MBTFS
TZTUFN BU PVS EFQBSUNFOU JO -VOE
 XIJDI QSPWJEFT NPSF UIBO BO PSEFS PG NBHOJUVEF
NPSF MBTFS QSPCF QPXFS DPNQBSFE XJUI UIF TZTUFN VTFE GPS 605 BU 606 ON� * CFMJFWF
UIBU UIJT TZTUFN
 DPNCJOFE XJUI UIF SFDFOUMZ BDRVJSFE DVTUPN�EFTJHOFE 605 DSZP�
TUBU
 BOE B EFUFDUPS XJUI IJHIFS RVBOUVN FċDJFODZ
 XJMM QSPWJEF JOUFSFTUJOH SFTVMUT JO
UIF ZFBST UP DPNF�
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"QQFOEJY "

4ZTUFN EFTJHO

ɨJT BQQFOEJY CSJFnZ EFTDSJCFT UXP QSPKFDUT UIBU UIF BVUIPS PG UIJT UIFTJT IBT CFFO
JOWPMWFE JO SFMBUFE UP TZTUFN EFTJHO� 'JSTU
 UIF EFTJHO PG BO PQUJDBM QVMTF TIBQJOH
TZTUFN JT QSFTFOUFE� ɨFSFBGUFS
 UIF GFBTJCJMJUZ PG VTJOH B UFNQFSBUVSF JOTFOTJUJWF mCSF
JOUFSGFSPNFUFS BT B SFGFSFODF GPS MBTFS GSFRVFODZ TUBCJMJ[BUJPO JT EJTDVTTFE�

"�ð 0QUJDBM QVMTF TIBQJOH TZTUFN

" 605 TZTUFN CBTFE PO TQFDUSBM IPMF CVSOJOH mMUFST TIPVME QSFGFSBCMZ JODMVEF BO
PQUJDBM QVMTF TIBQJOH TZTUFN UIBU DBO CF VTFE UP HFOFSBUF MBTFS QVMTFT XJUI TQFDJmD
JOUFOTJUZ BOE GSFRVFODZ TDBOT� "O BDPVTUP�PQUJD NPEVMBUPS 	"0.
 JO B EPVCMF�QBTT
DPOmHVSBUJPO JT DBQBCMF PG UIF SFRVJSFE QVMTF TIBQJOH
 BOE TVDI TZTUFN XBT UIFSFGPSF
EFTJHOFE� ɨF TZTUFN XBT EFTJHOFE UP CF DPNQBUJCMF XJUI UIF HSPVQ�T 5J�TBQQIJSF MBTFS
	4PMT5J4
 . 4RVBSFE -BTFST
� ɨJT NFBOT UIBU JU NVTU IBOEMF B MBTFS QPXFS PG 3 8

BOE JU TIPVME CF VTBCMF GPS UIF GVMM 688−990 ON UVOJOH SBOHF PG UIF MBTFS� 4QFDUSBM
IPMF CVSOJOH TFUVQT JO 605 BSF UZQJDBMMZ CVMLZ
 BOE JU JT EFTJSBCMF UP NJOJNJ[F FBDI
QBSU PG B TFU�VQ� &ĊPSUT XFSF UIFSFGPSF NBEF UP EFTJHO B WFSZ DPNQBDU QVMTF TIBQJOH
TZTUFN� #FGPSF QSFTFOUJOH UIF TZTUFN EFTJHO
 B TIPSU JOUSPEVDUJPO UP "0.T XJMM CF
HJWFO�

"�ð�ð "DPVTUP�PQUJD NPEVMBUPST

ɨF CBTJD QSJODJQMFT BOE BQQMJDBUJPOT PG BDPVTUP�PQUJD NPEVMBUPST IBWF CFFO XFMM EF�
TDSJCFE JO UIF MJUFSBUVSF
 TFF
 GPS FYBNQMF
 <ðð÷>� *O BO "0.
 BO 3' TJHOBM ESJWFT B
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QJF[PFMFDUSJD USBOTEVDFS BUUBDIFE UP B DSZTUBM
 XIJDI HFOFSBUFT BO BDPVTUJD XBWF QSPQ�
BHBUJOH UISPVHI UIF DSZTUBM� ɨF BDPVTUJD XBWF QFSJPEJDBMMZ BMUFST UIF SFnFDUJWF JOEFY
PG UIF DSZTUBM� " MBTFS CFBN JODJEFOU PO UIJT SFGSBDUJWF JOEFY HSBUJOH DMPTF UP UIF TP�
DBMMFE #SBHH BOHMF
 JT EJĊSBDUFE JOUP B QBUUFSO PG EJĊSBDUJPO PSEFST� ɨF FċDJFODZ
PG UIF EJĊSBDUJPO QSPDFTT EFQFOET PO UIF 3' QPXFS EFMJWFSFE UP UIF "0.
 BOE UIF
MBTFS QPXFS DBO UIFSFGPSF CF NPEVMBUFE CZ DIBOHJOH UIF 3' QPXFS� " EJĊSBDUJPO Fċ�
DJFODZ JOUP UIF +1TU PSEFS CFBN PG BCPWF 50% DBO PGUFO CF BDIJFWFE XJUI TVċDJFOUMZ
IJHI 3' QPXFS� #FDBVTF UIF SFGSBDUJWF JOEFY HSBUJOH JT USBWFMMJOH UISPVHI UIF DSZTUBM

UIF EJĊFSFOU EJĊSBDUJPO PSEFST XJMM CF %PQQMFS�TIJGUFE CZ NVMUJQMFT PG UIF BDPVTUJD
GSFRVFODZ� ɨF MBTFS GSFRVFODZ DBO UIFSFGPSF CF NPEVMBUFE CZ DIBOHJOH UIF BDPVTUJD
GSFRVFODZ� )PXFWFS
 JG UIF BDPVTUJD GSFRVFODZ JT DIBOHFE
 TP JT UIF EJĊSBDUJPO BOHMF�
'PS BQQMJDBUJPOT XIFSF GSFRVFODZ TDBOOJOH QVMTFT BSF OFFEFE
 CVU TQBUJBM CFBN XBML JT
EFUSJNFOUBM
 B EPVCMF�QBTT DPOmHVSBUJPO DBO CF VTFE� ɨF +1TU PSEFS EJĊSBDUFE CFBN
JT UIFO QBTTFE UISPVHI UIF "0. B TFDPOE UJNF
 BOE UIF DIBOHF JO UIF EJSFDUJPO PG
UIF mSTU BOE TFDPOE QBTT DBODFMT PVU� ɨJT BMTP MFBET UP BO PQUJDBM GSFRVFODZ TIJGU PG
UXJDF UIF "0. ESJWF GSFRVFODZ�

"�ð�ñ %PVCMF�QBTT "0. TZTUFN

%PVCMF�QBTT TFU�VQT DBO CF JNQMFNFOUFE JO B GFX EJĊFSFOU XBZT� 'PS FYBNQMF
 UIF
JOQVU CFBN BOE UIF UXJDF TIJGUFE PVUQVU CFBN DBO CF TFQBSBUFE VTJOH B QPMBSJ[JOH
CFBN TQMJUUFS BOE B RVBSUFS�XBWF QMBUF <ððø>� "MUFSOBUJWFMZ
 B CPX�UJF DPOmHVSBUJPO
XJUI TQBUJBMMZ OPO�PWFSMBQQJOH JOQVU BOE PVUQVU CFBNT DBO CF VTFE� ɨJT BQQSPBDI
IBT GSFRVFOUMZ CFFO FNQMPZFE JO UIF 2VBOUVN *OGPSNBUJPO (SPVQ JO -VOE <ðñï>�
)PXFWFS
 UIFTF CPX�UJF TFU�VQT IBWF BO PQUJDBM GPDVT JOTJEF UIF "0.
 XIJDI JT OPU
DPNQBUJCMF XJUI UIF 5J�TBQQIJSF MBTFS TZTUFN
 BT UIF IJHI MBTFS JOUFOTJUZ NBZ EBNBHF
UIF "0.� ɨF EFTJHO XBT UIFSFGPSF JOTUFBE CBTFE BSPVOE B NPEJmFE WFSTJPO PG UIF
CPX�UJF DPOmHVSBUJPO TVHHFTUFE CZ -BST 3JQQF
 BT TIPXO JO 'JHVSF "�ð� " DPMMJNBUFE
MBTFS CFBN JT TFOU UISPVHI UIF "0.� " MFOT XJUI B GPDBM MFOHUI PG f JT QMBDFE BU B
EJTUBODF f BGUFS UIF "0.� ɨF CFBN JT GPDVTFE CFUXFFO UXP NJSSPST QPTJUJPOFE BU B
UIF EJTUBODF PG f −d/2 BGUFS UIF MFOT
 XIFSF d JT UIF EJTUBODF CFUXFFO UIF NJSSPST�
"MM EJĊSBDUJPO PSEFST FYDFQU GPS UIF +1TU PSEFS BSF CMPDLFE BGUFS FBDI QBTT UISPVHI UIF
"0.� ɨF CPX�UJF DPOmHVSBUJPO BMMPXT UIF JOQVU BO PVUQVU CFBNT UP CF TFQBSBUFE�
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)LJXUH $��� 6FKHPDWLF RI WKH ERZ�WLH GRXEOH�SDVV FRQýJXUDWLRQ XVHG LQ WKH SUHVHQW ZRUN�

" QIPUPHSBQI PG UIF UPQ WJFX PG UIF mOJTIFE EPVCMF�QBTT "0. TZTUFN
 XIFSF UIF
CFBN QBUI JT JOEJDBUFE CZ EBTIFE SFE MJOFT
 JT TIPXO JO 'JHVSF "�ñ� ɨF JOQVU BOE
PVUQVU MBTFS CFBNT BSF mCSF�DPVQMFE� ɨF mCSFT 	FOE�DBQQFE 1.630�)1 '$�"1$

ɨPSMBCT
 IBWF DPSF�MFTT FOE�DBQT UP SFEVDF UIF MBTFS JOUFOTJUZ BU UIF BJS�UP�HMBTT JO�
UFSGBDF UP BWPJE mCSF EBNBHF� 'JCSF DPMMJNBUPST XJUI BDISPNBUJD MFOTFT 	1"'2�"4#

ɨPSMBCT
 BSF VTFE UP CF DPNQBUJCMF XJUI UIF CSPBE XBWFMFOHUI UVOJOH SBOHF PG UIF
MBTFS TZTUFN� ɨF "0. 	"0.0 3100�125
 (PPDI � )PVTFHP
 IBT B DFOUSF GSF�
RVFODZ PG 100 .)[
 BOE JT ESJWFO XJUI BO 3' QPXFS PG VQ UP 1.2 8� 5P NJOJNJ[F
CBDL�SFnFDUJPOT JO UIF DPBYJBM DBCMF B 3 E# BUUFOVBUPS JT VTFE CFGPSF UIF "0.� "O
BDISPNBUJD MFOT XJUI B GPDBM MFOHUI PG 50 NN JT QPTJUJPOFE BGUFS UIF "0. BOE GPDVTFT
UIF CFBN CFUXFFO UIF UXP NJSSPST .1 BOE .2� " NJSSPS QPTJUJPOFE BGUFS UIF MFOT
SFnFDUT UIF 0UI PSEFS CFBN JOUP B DPQQFS QJQF 	UIF CFBN QBUI JT JMMVTUSBUFE XJUI UIF
EPUUFE HSFFO MJOF JO 'JHVSF "�ñ
� ɨF GVMM MBTFS QPXFS JT EVNQFE JOUP UIJT DPQQFS QJQF
XIFO UIFSF JT OP 3' TJHOBM BQQMJFE UP UIF "0.� " IFBU QJQF JT UIFSFGPSF NPVOUFE
CFMPX UIF DPQQFS QJQF BOE BUUBDIFE UP B IFBU TJOL UP NJOJNJ[F IFBUJOH PG UIF TFU�VQ�
" LOJGF CMBEF JT QPTJUJPOFE CFUXFFO UIF NJSSPST .1 BOE .2 UP CMPDL UIF +2OE PSEFS
EJĊSBDUFE CFBN� ɨFSFGPSF
 POMZ UIF +1TU PSEFS EJĊSBDUFE CFBN SFBDIFT NJSSPS .2
BOE JT SFnFDUFE CBDL UISPVHI UIF "0.� "O BQFSUVSF CMPDLT UIF VOXBOUFE EJĊSBDUJPO
PSEFST BGUFS UIF TFDPOE QBTT UISPVHI UIF "0.� " QPMBSJ[FS BTTVSFT B IJHI QPMBSJ[BUJPO
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QVSJUZ UP UIF PVUQVU mCSF� " MJE DBO CF VTFE UP GVMMZ FODMPTF UIF TFU�VQ 	OPU TIPXO JO
'JHVSF "�ñ
� ɨF GPPU QSJOU PG UIF CBTF QMBUF JT 12×20 DN2
 XIJDI JT NVDI TNBMMFS
UIBO BOZ PUIFS EPVCMF�QBTT TFU�VQ FODPVOUFSFE CZ UIF BVUIPS�

)LJXUH $��� 3KRWRJUDSK RI WKH GRXEOH�SDVV $20 V\VWHP� 7KH DSSUR[LPDWH EHDP SDWK LV LQGLFDWHG E\ WKH
GDVKHG UHG OLQH� 7KH GRWWHG JUHHQ OLQH LQGLFDWHV WKH SDWK RI WKH 0WK RUGHU EHDP� ZKLFK LV UHþHFWHG
LQWR WKH FRSSHU SLSH�

ɨF TFU�VQ QFSGPSNBODF XBT DIBSBDUFSJ[FE BU BO PQUJDBM XBWFMFOHUI PG 690 ON� ɨF
QFBL EPVCMF�QBTT FċDJFODZ PG UIF "0. XBT NFBTVSFE BT BCPVU 70% 	BU UIF 3' TBUV�
SBUJPO QPXFS

 BOE UIF DPVQMJOH FċDJFODZ UP UIF PVUQVU mCSF XBT BSPVOE 65%� ɨF
PQUJDBM GSFRVFODZ XBT UVOFE CZ ±30 .)[ CFGPSF UIF QPXFS PVU PG UIF PVUQVU mCSF
IBE EFDSFBTFE CZ B GBDUPS PG 2�

"�ñ 5FNQFSBUVSF JOTFOTJUJWF mCSF JOUFSGFSPNFUFS

" MBTFS XJUI B OBSSPX MJOFXJEUI BOE MPX ESJGU JT SFRVJSFE JO B 605 TZTUFN CBTFE
PO TQFDUSBM IPMF CVSOJOH mMUFST� ɨF MBTFS MJOFXJEUI EVSJOH UIF QSFQBSBUJPO PG UIF
605 mMUFS TIPVME JEFBMMZ CF OBSSPXFS UIBO UIF IPNPHFOFPVT MJOFXJEUI PG UIF JPOT�
ɨF MBTFS GSFRVFODZ ESJGU NVTU CF TJHOJmDBOUMZ MFTT UIBO UIF CBOEXJEUI PG UIF mMUFS
EVSJOH UIF 605 JNBHF BDRVJTJUJPO� ɨF 5J�TBQQIJSF MBTFS TZTUFN BWBJMBCMF JO -VOE
IBT B TIPSU�UFSN MJOFXJEUI PG < 50 L)[
 XIJDI JT TVċDJFOU GPS 605� )PXFWFS
 UIF
GSFRVFODZ ESJGU PWFS TFDPOE UJNF TDBMFT IBE UP CF SFEVDFE�
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"O VOCBMBODFE mCSF JOUFSGFSPNFUFS 	POF JOUFSGFSPNFUFS BSN JT MPOHFS UIBO UIF PUIFS

DBO CF VTFE BT UIF SFGFSFODF GPS MBTFS GSFRVFODZ TUBCJMJ[BUJPO <ðñðoðñò>� ɨJT XBT JOWFT�
UJHBUFE CZ 4BTLJB #POE[B BT QBSU PG IFS .BTUFS�T UIFTJT QSPKFDU <ðñó>
 GPS XIJDI * XBT
UIF DP�TVQFSWJTPS� ɨF NPUJWBUJPO UP JOWFTUJHBUF B mCSF JOUFSGFSPNFUFS XBT UIBU JU NBZ
QPUFOUJBMMZ CF B DPNQBDU
 SPCVTU
 BOE MPX DPTU TFU�VQ�

)PXFWFS
 CPUI UIF SFGSBDUJWF JOEFY BOE QIZTJDBM MFOHUI PG PQUJDBM mCSFT BSF TFOTJUJWF
UP UFNQFSBUVSF� ɨF GSBDUJPOBM GSFRVFODZ ESJGU δ f-/ f- EVF UP UFNQFSBUVSF PG B MBTFS
MPDLFE UP B mCSF .BDI�;FIOEFS JOUFSGFSPNFUFS JT <ðñò>�

δ f-/ f- =
1

n1l1 −n2l2

[(
l1
∂n1

∂T
+n1

∂l1

∂T

)
−

(
l2
∂n2

∂T
+n2

∂l2

∂T

)]
dT 	"�ð


XIFSF l1 BOE l2 BSF UIF MFOHUIT PG UIF mCSFT JO UIF UXP JOUFSGFSPNFUFS BSNT
 BOE n1

BOE n2 BSF UIF SFGSBDUJWF JOEJDFT PG UIF mCSF DPSFT� ɨF GSFRVFODZ nVDUVBUJPOT DBO CF
SFEVDFE CZ TUBCJMJ[JOH UIF UFNQFSBUVSF UP NJOJNJ[F dT � )PXFWFS
 B 1 N, DIBOHF JO
UFNQFSBUVSF DPSSFTQPOET UP B GSFRVFODZ DIBOHF PG B GFX .)[ JG JEFOUJDBM PSEJOBSZ
TJOHMF�NPEF mCSFT BSF VTFE JO CPUI JOUFSGFSPNFUFS BSNT� 1SFDJTF UFNQFSBUVSF DPOUSPM
JT UIVT OFFEFE UP BDIJFWF UIF SFRVJSFE TVC�.)[ GSFRVFODZ ESJGU� 'JCSFT XJUI EJĊFSFOU
UIFSNBM TFOTJUJWJUZ PG UIF PQUJDBM QBUI MFOHUI DBO BMTP CF VTFE UP NJOJNJ[F UIF WBMVF
JOTJEF UIF CSBDLFUT
 BOE UIVT SFEVDF GSFRVFODZ ESJGU EVF UP UFNQFSBUVSF
 XIJDI JT UIF
BQQSPBDI XF DIPTF UP JOWFTUJHBUF�

ɨF PQUJDBM�QBUI MFOHUI DIBOHF XJUI UFNQFSBUVSF XBT UIFSFGPSF NFBTVSFE GPS TJOHMF�
NPEF mCSFT XJUI EJĊFSFOU DPBUJOHT
 BOE UIVT EJĊFSFOU UIFSNBM TFOTJUJWJUZ� ɨF FYQFS�
JNFOUBM NFUIPE IBE
 UP PVS LOPXMFEHF
 OPU CFFO VTFE QSFWJPVTMZ� ɨF NFUIPE BOE
NFBTVSFNFOU SFTVMUT BSF QSFTFOUFE JO 1BQFS **�

'JCSFT XJUI TUSBJHIU DMFBWFE FOET XFSF VTFE BT MPX�mOFTTF DBWJUJFT� ɨF SFnFDUBODF
GSPN UIF mCSF FOET JT∼ 3%
 ZJFMEJOH B mOFTTF PG∼ 0.6� ɨF mCSF MFOHUI XBT NFBTVSFE�
-JHIU XBT DPVQMFE JOUP UIF mCSF
 XIJDI XBT QMBDFE JO B UIFSNBMMZ JOTVMBUFE CPY� ɨF
BNCJFOU UFNQFSBUVSF PG UIF CPY XBT SBNQFE
 BOE UIF BMNPTU TJOVTPJEBM JOUFSGFSFODF
GSJOHFT PCTFSWFE JO UIF MJHIU SFnFDUFE GSPN UIF mCSF EVF UP UIF DIBOHF JO PQUJDBM QBUI
MFOHUI XFSF SFDPSEFE
 BOE VTFE UP EFSJWF UIF UIFSNBM TFOTJUJWJUZ PG UIF PQUJDBM QBUI
MFOHUI�

.FBTVSFNFOUT SFTVMUT PG UIF DIBOHF JO UIF PQUJDBM QBUI MFOHUI XJUI UFNQFSBUVSF GPS
TJOHMF BDSZMBUF
 EVBM BDSZMBUF
 DPQQFS
 BOE BMVNJOJVN DPBUFE mCSFT XFSF QSFTFOUFE� *O
QBSUJDVMBS
 UIF SFTVMUT TIPXFE UIBU UIF PQUJDBM QBUI MFOHUI PG BMVNJOJVN DPBUFE mCSFT
	"*44�3/125/175"
 'JCFSHVJEF *OEVTUSJFT
 XBT B GBDUPS PG 1.88 NPSF TFOTJUJWF UP UFN�
QFSBUVSF DPNQBSFE UP TJOHMF BDSZMBUF DPBUFE mCSFT 	630)1
ɨPSMBCT
� "O VOCBMBODFE
mCSF JOUFSGFSPNFUFS XJUI BO PQUJDBM�QBUI EJĊFSFODF UIBU JT JOTFOTJUJWF UP UFNQFSBUVSF
nVDUVBUJPOT NBZ UIVT CF DPOTUSVDUFE CZ VTJOH BO BMVNJOJVN DPBUFE mCSF JO UIF TIPSU

÷ò



BSN
 BOE B TJOHMF BDSZMBUF DPBUFE mCSF JO UIF MPOH BSN PG UIF JOUFSGFSPNFUFS� ɨF
MFOHUI PG UIF MPOH BSN TIPVME CF B GBDUPS PG 1.88 MPOHFS UIBO UIF TIPSU BSN�

4JODF UIF PQUJDBM DPNQPOFOUT SFRVJSFE UP DPOTUSVDU TVDI UFNQFSBUVSF JOTFOTJUJWF JO�
UFSGFSPNFUFS PQFSBUJOH PWFS UIF GVMM 688− 990 ON UVOJOH SBOHF PG PVS 5J�TBQQIJSF
MBTFS BSF OPU DVSSFOUMZ BWBJMBCMF
 UIF TDIFNF XBT OPU GVSUIFS JOWFTUJHBUFE� 'VSUIFS
EFUBJMT DBO CF GPVOE JO UIF UIFTJT CZ 4BTLJB #POE[B <ðñó>�
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4DJFOUJmD QVCMJDBUJPOT

"VUIPS DPOUSJCVUJPOT

1BQFS Ě� $IBSBDUFSJ[BUJPO BOE NPEFMJOH PG BDPVTUP�PQUJD TJHOBM TUSFOHUIT JO
IJHIMZ TDBUUFSJOH NFEJB

%BWJE)JMM BOE * QFSGPSNFE UIFNBJO605 FYQFSJNFOUT UPHFUIFS 	* EJE OPU QBSUJDJQBUF
JO UIF VMUSBTPVOE BOE QIBOUPN DIBSBDUFSJ[BUJPO
� * BOBMZ[FE UIF FYQFSJNFOUBM EBUB�
* XSPUF NPTU PG UIF NBOVTDSJQU�

1BQFS ĚĚ� " TJNQMF FYQFSJNFOUBM NFUIPE GPS NFBTVSJOH UIF UIFSNBM TFOTJUJW�
JUZ PG TJOHMF�NPEF mCFST

* TVHHFTUFE UIBU XF TIPVME JOWFTUJHBUF VTJOH BO PQUJDBM mCFS JOUFSGFSPNFUFS BT UIF SFG�
FSFODF GPS TUBCJMJ[JOH UIF GSFRVFODZ PG PVS 605 MBTFS TZTUFN� ɨJT MFBE UP B .BTUFS�T
QSPKFDU CZ 4BTLJB #POE[B
 GPS XIJDI * XBT UIF DP�TVQFSWJTPS� 4BTLJB EJE BMM UIF FYQFS�
JNFOUBM XPSL� * DPOUSJCVUFE UP EJTDVTTJPOT SFHBSEJOH UIF BOBMZTJT
 BOE NBOVTDSJQU�

1BQFS ĚĚĚ� "DPVTUP�PQUJD JOUFSBDUJPO TUSFOHUIT JO PQUJDBMMZ TDBUUFSJOH NFEJB
VTJOH IJHI QSFTTVSF BDPVTUJD QVMTFT

%BWJE )JMM BOE * QFSGPSNFE UIF FYQFSJNFOUT UPHFUIFS� %BWJE EJE BMM UIF UIFPSFUJDBM
NPEFMMJOH BOE FYQFSJNFOUBM EBUB BOBMZTJT� * DPOUSJCVUFE UP EJTDVTTJPOT SFHBSEJOH UIF
BOBMZTJT
 BOE UIF NBOVTDSJQU�

øö



1BQFS Ěħ� 'JSTU QSJODJQMF TJNVMBUJPO QBDLBHF GPS BSCJUSBSZ BDPVTUP�PQUJD JO�
UFSBDUJPO JO TDBUUFSJOH NBUFSJBMT

%BWJE )JMM BOE * QFSGPSNFE UIF FYQFSJNFOUT UPHFUIFS� %BWJE EJE UIF BOBMZTJT BOE
XSPUF UIF NBOVTDSJQU�

1BQFS ħ� 4VQQSFTTJPO PG /PO�3BEJBUJWF 3FMBYBUJPO JO 5N3+�EPQFE.BUFSJBMT
GPS 0YZHFOBUJPO�4FOTJUJWF 6MUSBTPVOE�0QUJDBM 5PNPHSBQIZ

* TVHHFTUFE UIBU 5N3+ :-B'3 DPVME CF BO JOUFSFTUJOH DBOEJEBUF GPS 605 mMUFSJOH� *
WJTJUFE UIF $POF BOE ɨJFM MBC BOE UPPL QBSU JO UIF FYQFSJNFOUT PO 5N3+ :-B'3� *
DPOUSJCVUFE UP EJTDVTTJPOT SFHBSEJOH UIF BOBMZTJT
 BOE UIF NBOVTDSJQU�

1BQFS ħĚ� $PNQBSJTPO PG DPOUSBTU�UP�OPJTF SBUJPT PG EJĊFSFOU EFUFDUJPONFUI�
PET JO VMUSBTPVOE PQUJDBM UPNPHSBQIZ

* BOBMZ[FE UIF DPOUSBTU�UP�OPJTF SBUJP PG UIF EFUFDUJPONFUIPET� * XSPUF UIFNBOVTDSJQU�
%BWJE )JMM QFSGPSNFE UIF .POUF�$BSMP TJNVMBUJPOT�
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