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0DJQHWLF 5HVRQDQFH 7HDP� .RUHD %DVLF 6FLHQFH ,QVWLWXWH� 7DHMHRQ �������� .RUHD
�'HSDUWPHQW RI &KHPLVWU\� $MRX 8QLYHUVLW\� 6XZRQ �������� .RUHD

5HFHLYHG 1RYHPEHU ��� ����

6ROLG VWDWH ��3 PDJLF DQJOH VSLQQLQJ �0$6� QXFOHDU PDJ�
QHWLF UHVRQDQFH �105� GDWD RI PHWDO WKLRSKRVSKDWHV� 1E�36��

DQG .1E�36�� DUH HPSOR\HG WR LGHQWLI\ HOHFWURQ GHQVLW\ GLI�
IHUHQFHV EHWZHHQ WKH FRPSRXQGV� 7KH ;�UD\ GLIIUDFWLRQ
UHVXOWV RI WKH FRPSRXQGV ZHUH UHSRUWHG LQ SUHYLRXV SXEOLFD�
WLRQV� UHIHUHQFH � IRU 1E�36�� DQG UHIHUHQFH � IRU .1E�36���
1E�36�� LV D WKLRSKRVSKDWH FRPSRVHG RI LQILQLWH WZR�GLPHQ�
VLRQDO SODQHV� 7KH SODQH FRQVLVWV RI LQILQLWH FKDLQV RI 1E6�

ELFDSSHG WULJRQDO SULVPV VKDULQJ D UHFWDQJXODU IDFH DQG 36�

SRO\KHGUD OLQNLQJ WKH FKDLQV RQH VLGH WR DQRWKHU� 7KHUH LV QR
VWURQJ ERQGV EHWZHHQ WKH SODQHV H[FHSW YDQ GHU :DDOV

IRUFH� .1E�36�� KDV D FRPPRQ VWUXFWXUH ZLWK 1E�36�� RI
1E6� ELFDSSHG WULJRQDO SULVPV VKDULQJ D UHFWDQJXODU IDFH
DQG 36� SRO\KHGUD� %XW .� LRQV DUH ORFDWHG EHWZHHQ WKH
SODQHV LQ .1E�36��� $QRWKHU GLIIHUHQFH EHWZHHQ 1E�36��

DQG .1E�36�� LV WKDW 36� SRO\KHGUD LQ .1E�36�� DUH RUL�
HQWHG LQ WKH VDPH GLUHFWLRQ DQG GR QRW OLQN 1E6� FKDLQV�
7KXV� .1E�36�� FRQVLVWV RI LQILQLWH RQH�GLPHQVLRQDO FKDLQV
RI 1E6� DQG 36� XQLWV UDWKHU WKDQ WZR�GLPHQVLRQDO SODQHV�
$GGLWLRQ RI . WR 1E�36�� FRPSRXQG LV H[SHFWHG WR EULQJ
HOHFWURQLF FKDUJH GLVWULEXWLRQ FKDQJHV DV ZHOO DV VWUXFWXUDO
FKDQJHV� 7KHUH LV D UHSRUW WKDW G� EORFN RUELWDOV RI WKH KLJKO\
R[LGL]HG PHWDOV DUH UHVSRQVLEOH IRU /L LQWHUFDODWLRQ WR WKH
0�36�� �0 9� 1E� FRPSRXQGV UDWKHU WKDQ WKH 3�6 RU 6�6
DQWLERQGLQJ�� &KHPLFDO VKLIW SDUDPHWHUV DUH VHQVLWLYH WR
HOHFWURQLF DQG VWUXFWXUDO GLIIHUHQFHV� WKHUHIRUH� ZH HPSOR\HG
��3 105 WR FRPSDUH HOHFWURQ GHQVLW\ DURXQG SKRVSKRURXV
LQ 1E�36�� DQG .1E�36��� $OWKRXJK . LQ .1E�36�� LV QRW
LQFRUSRUDWHG HOHFWURFKHPLFDOO\� WKH RYHUDOO HOHFWURQLF GLIIHU�
HQFHV EHWZHHQ 1E�36�� DQG .1E�36�� FDQ JLYH XV D FOXH
ZKHUH WKH HOHFWURQ GHQVLW\ LQFUHDVHV RQ DONDOL DWRP LQFRUSR�
UDWLRQ LQWR WKH FRPSRXQGV�
3UHSDUDWLRQ SURFHGXUHV ZHUH GHVFULEHG LQ GHWDLO LQ SUHYL�

RXV UHSRUWV���� .1E�36�� DQG 1E�36�� DUH SUHSDUHG E\ WKH
UHDFWLRQ RI WKH HOHPHQWV 1E� 3� DQG 6 ZLWK DQ HOHPHQWDO UDWLR
RI � � � � �� IRU 1E � 3 � 6 LQ WKH SUHVHQFH RI DQG LQ WKH
DEVHQFH RI WKH HXWHFWLF PL[WXUH RI .&O�/L&O� UHVSHFWLYHO\�
$OO H[SHULPHQWV DUH FDUULHG RXW ZLWK WKH 81,7<SOXV 105

V\VWHP �9DULDQ $VVRFLDWHV ,QF�� 8� 6� $�� RI ���� 7HVOD� 0$6
UDWH EHWZHHQ ���� DQG ��� N+]� DQG � µV SXOVH OHQJWK FRUUH�
VSRQGLQJ WR ��R IOLS DQJOH DUH HPSOR\HG� 6DPSOHV DUH JURXQG
WR ILQH SRZGHUV EHIRUH 105 H[SHULPHQWV� &KHPLFDO VKLIW LV
UHIHUHQFHG WR WKH H[WHUQDO ��� +�32� DTXHRXV VROXWLRQ DQG
WKH UHDGLQJ HUURU RI FHQWHU SHDN FKHPLFDO VKLIW �δREV� LV ZLWKLQ

� SSP� 7KH ��3 0$6 VSHFWUD DUH VLPXODWHG ZLWK D KRPH�
PDGH VLPXODWLRQ SURJUDP WR REWDLQ SULQFLSDO YDOXHV RI WKH
FKHPLFDO VKLHOGLQJ WHQVRU �δ��� δ��� DQG δ���� ,VRWURSLF FKHPL�
FDO VKLIW �δL�� DV\PPHWU\ SDUDPHWHU �η�� DQG FKHPLFDO VKLIW
DQLVRWURS\ �∆δ� DUH GHULYHG IURP δ��� δ��� DQG δ�� YDOXHV
XVLQJ WKH IROORZLQJ HTXDWLRQV��
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5HSUHVHQWDWLYH ��30$6 VSHFWUD RI 1E�36�� DQG.1E�36��

VDPSOHV DQG VSHFWUXP VLPXODWLRQ DUH VKRZQ LQ )LJXUH ��
&KHPLFDO VKLIW SDUDPHWHUV IURP WKH VSHFWUXP VLPXODWLRQ RI
WKH ��3 0$6 VSHFWUD REWDLQHG DW YDULRXV URWDWLRQ UDWHV DUH
VXPPDUL]HG LQ 7DEOH �� 3UHYLRXV VWXGLHV KDYH LQGLFDWHG WKDW
��3 FKHPLFDO VKLIW LV PDLQO\ LQIOXHQFHG E\ WKUHH IDFWRUV� ���
WKH QXPEHU DQG HOHFWURQHJDWLYLW\ RI WKH QHDUHVW�QHLJKERU
OLJDQGV� ��� WKH RFFXSDWLRQ RI WKH π ERQGLQJ RUELWDOV RQ WKH
SKRVSKRURXV DWRP� DQG ��� WKH ERQG DQJOHV DERXW WKH SKRV�
SKRURXV DWRP���� )RU RUWKRSKRVSKDWH LRQV� D JRRG FRUUHODWLRQ
EHWZHHQ _∆δ _ DQG WKH DYHUDJH GHYLDWLRQ RI WKH 2�3�2 ERQG
DQJOH IURP WKDW RI D SHUIHFW WHWUDKHGURQ ����R��
� ZDV
REWDLQHG�� $OVR δL RI DQ RUWKRSKRVSKDWH LRQ ZDV ZHOO FRUUH�
ODWHG ZLWK WKH DYHUDJH 3�2 ERQG OHQJWK�� 7KH ODWWHU FRUUHOD�
WLRQ FDQ EH XQGHUVWRRG IURP WKH REVHUYDWLRQ WKDW WKH DYHUDJH
3�2 ERQG OHQJWK GHFUHDVHV DV WKH QXPEHU RI HOHFWURQV LQ π
RUELWDOV LQFUHDVHV��� ZKLOH δL GHFUHDVHV ZLWK LQFUHDVLQJ QXP�
EHU RI HOHFWURQV LQ π ERQGLQJ RUELWDOV IRU WKH RUWKRSKRVSKDWH
LRQV���� )RU RXU 1E�36�� DQG.1E�36�� VDPSOHV� IDFWRU ��� LV
H[SHFWHG WR EH FRQVWDQW� RU QHDUO\ VR� WKXV FDQ EH LJQRUHG�
:H PD\ DSSO\ WKH VDPH PHWKRGV XVHG IRU RUWKRSKRVSKDWH
LRQV WR 36� XQLWV LQ RXU VDPSOHV FRQVLGHULQJ WKH IDFW WKDW
R[\JHQ DQG VXOIXU EHORQJ WR WKH VDPH JURXS �� LQ WKH SHUL�
RGLF WDEOH� 7KHQ� WKH VPDOOHU δL DQG WKH JUHDWHU _∆δ _ RI
.1E�36�� WKDQ WKRVH RI 1E�36�� FDQ EH H[SODLQHG LQ WHUPV
RI WKH VKRUWHU DYHUDJH 3�6 ERQG OHQJWK DQG WKH ELJJHU DYHU�
DJH GHYLDWLRQ RI 6�3�6 ERQG DQJOH IURP ���R��
 RI .1E�36���
7KH DYHUDJH ERQG OHQJWK RI IRXU 3�6 ERQGV LV ����� � �����
DQG ����� � ����� c IRU 1E�36�� DQG.1E�36��� UHVSHFWLYHO\�
7KH DYHUDJH GHYLDWLRQ RI 6�3�6 ERQG DQJOH IURP LGHDO WHWUD�
KHGURQ ZDV ��� � ��� DQG ��� � ���R IRU 1E�36�� DQG.1E�36���
UHVSHFWLYHO\�
,Q RXU SUHYLRXV VWXGLHV� WKH LQFRUSRUDWLRQ RI DONDOL PHWDOV

LQWR WKH 1E�36�� KRVW VWUXFWXUH E\ HOHFWURFKHPLFDO SURFHVVHV
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IDLOHG� 7KXV� LW LV VWLOO D TXHVWLRQ ZKLFK SDUW RI WKH KRVW FRP�
SRXQG SOD\V D UROH DV DQ HOHFWURQ DFFHSWRU IRU DONDOL PHWDO
LQWHUFDODWLRQ� +RZHYHU� RXU 105 UHVXOWV FDQ EH WDNHQ DV DQ
HYLGHQFH WKDW HOHFWURQ GHQVLW\ DURXQG 3 LQFUHDVHV RQ DYHUDJH
DV . LV DGGHG WR WKH 1E�36�� EHFDXVH VPDOOHU δL YDOXH RI
.1E�36�� LQGLFDWHV JUHDWHU QXPEHU RI HOHFWURQV LQ π RUELWDOV
RI 3 LQ .1E�36�� WKDQ LQ 1E�36��� $PRQJ DOO WKH 3�6 ERQGV�
FRQWULEXWLRQ WR WKLV LQFUHDVHG DYHUDJH HOHFWURQ GHQVLW\ DURXQG
3 LV H[SHFWHG WR EH PRUH IURP WKH 3�6 ERQG ZLWK D WHUPLQDO 6
LQ .1E�36���7KH OHQJWK GLIIHUHQFH EHWZHHQ WKLV DQG WKH FRU�
UHVSRQGLQJ 3�6 ERQG LQ 1E�36�� LV ���� c ZKLFK LV ELJJHVW
DPRQJ DOO 3�6 ERQG OHQJWK GLIIHUHQFHV EHWZHHQ WKH .1E�36��

DQG 1E�36��� 7KHUHIRUH� ZH FDQ FRQFOXGH WKDW WKH SUHVHQFH
RI . LQ .1E�36�� UHVXOWV LQ WKH LQFUHDVH RI HOHFWURQ GHQVLW\

DURXQG 3�6 ERQGV� HVSHFLDOO\ WKH RQHV ZLWK WHUPLQDO 6� 7KLV
GRHV QRW QHFHVVDULO\ PHDQ WKDW WKH D[LV RI δ�� FRLQFLGHV ZLWK
WKRVH RI WKH 3�6 ERQGV ZLWK WHUPLQDO 6 HYHQ WKRXJK LW LV
PRUH OLNHO\ LQ WHUPV RI V\PPHWU\� 7KH RULHQWDWLRQ RI δ�� D[LV
FDQ EH GHWHUPLQHG RQO\ ZLWK VLQJOH FU\VWDO VDPSOHV� KRZ�
HYHU� WKH .1E�36�� DQG 1E�36�� VLQJOH FU\VWDOV ELJ HQRXJK
IRU 105 H[SHULPHQWV KDYH QRW EHHQ DEOH WR EH JURZQ�
$OWKRXJK ZH FDQQRW FRPSOHWHO\ H[FOXGH WKH SRVVLELOLW\ WKDW
G� EORFN RUELWDOV RI 1E EHKDYH DV DQ DFFHSWRU IRU VRPH RI
HOHFWURQV IURP .� RXU UHVXOWV FOHDUO\ LQGLFDWH WKDW SKRVSKR�
URXV DQG VXOIXU DUH SULQFLSDO HOHFWURQ DFFHSWRUV� HVSHFLDOO\
E\ 3�6 ERQGV ZLWK WHUPLQDO 6 LQ .1E�36���
,Q VXPPDU\� HOHFWURQ GHQVLW\ DURXQG 3 LQ .1E�36�� DQG

1E�36�� LV VWXGLHG E\ FRPSDULVRQ RI WKH ��30$6105 VSHF�
WUD RI WKH FRPSRXQGV� ,VRWURSLF FKHPLFDO VKLIW DQG FKHPLFDO
VKLIW DQLVRWURS\ RI .1E�36�� DUH VPDOOHU DQG ZLGHU WKDQ WKRVH
RI 1E�36��� UHVSHFWLYHO\� 7KH VPDOOHU LVRWURSLF FKHPLFDO VKLIW
LV FRUUHODWHG ZLWK WKH VKRUWHU DYHUDJH 3�6 ERQG OHQJWK RI 36�

XQLW DQG WKH ZLGHU FKHPLFDO VKLIW DQLVRWURS\ LV GXH WR WKH
ZLGHU DYHUDJH GHYLDWLRQ RI 6�3�6 ERQG DQJOH RI 36� XQLW
IURP �����R� 7KH VKRUWHU DYHUDJH 3�6 ERQG OHQJWK FDQ EH
LQWHUSUHWHG DV PRUH HOHFWURQV LQ π ERQGLQJ RUELWDOV RI WKH 3�6
ERQG� 2XU UHVXOWV LPSO\ WKDW HOHFWURQV IURP . �HOHFWURQ GRQ�
QHU� PDLQO\ JR WR SKRVSKRURXV DQG VXOIXU UDWKHU WKDQ WR WKH
G�RUELWDOV RI 1E�
$FNQRZOHGJPHQW� 7KLV ZRUN LV SDUWLDOO\ VXSSRUWHG E\

WKH 0267 �0LQLVWU\ RI 6FLHQFH DQG 7HFKQRORJ\ LQ .RUHD�
WKURXJK D .2<22 SURMHFW IXQG HQGRZHG WR WKH .%6, �.RUHD
%DVLF 6FLHQFH ,QVWLWXWH�� 'U� (XQ .\X -DQJ DW WKH .%6,
�SUHVHQWO\ DW 6DPVXQJ (OHFWURQLFV ,QFRUSRUDWLRQ� LV WKDQNHG
IRU VSHFWUXP VLPXODWLRQ�
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�� 7HFKQLTXHV RI &KHPLVWU\� %HQWOH\� .� :�� .LUE\� *� :��

(GV�� :LOH\�,QWHUVFLHQFH� 1HZ <RUN� ����� 9RO� �� S ����
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�� $QGUHZ� (� 5�� %U\DQW� '� -�� &DVKHOO� (� 0�� 'XQHOO� %� $�
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)LJXUH �� ��3 0$6 105 VSHFWUD RI �D� 1E�36�� DW ���� N+]
VSLQQLQJ UDWH DQG �E� .1E�36�� DW ���� N+] VSLQQLQJ UDWH�
6LPXODWHG ��3 0$6 105 VSHFWUD �F� ZLWK SDUDPHWHUV RI ���� N+]
VSLQQLQJ UDWH� ������ 0+] /DUPRU IUHTXHQF\� δ��  ����� SSP� δ��

 ����� SSP� δ��  ���� SSP� DQG ���+] OLQH EURDGHQLQJ DQG �G�
ZLWK SDUDPHWHUV RI ���� N+] VSLQQLQJ UDWH� ������ 0+] /DUPRU
IUHTXHQF\� δ��  ����� SSP� δ��  ����� SSP� δ��  ���� SSP� DQG
���+] OLQH EURDGHQLQJ� &HQWHU SHDNV DUH PDUNHG E\ 
�

7DEOH �� ��3 FKHPLFDO VKLIW DQLVRWURS\ SDUDPHWHUV RI FRPSRXQGV
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