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*DV�3KDVH UHDFWLRQV RI PHWK\O DQG HWK\O QLWULWHV ZLWK DQLRQLF QXFOHRSKLOHV RI 6+−� )− DQG 2+− DUH LQYHVWLJDWHG

WKHRUHWLFDOO\ DW WKH 03��������* OHYHO� 7KH 61� SURFHVVHV DUH DOO KLJKO\ H[RWKHUPLF DQG SURFHHG ZLWK D W\S�

LFDO GRXEOH�ZHOO UHDFWLRQ FRRUGLQDWH SURILOH� 7KH HOLPLQDWLRQ UHDFWLRQV RI PHWK\O QLWULWH ZLWK 6+− DQG )− DUH

GRXEOH�ZHOO HQHUJ\ VXUIDFH SURFHVVHV� ZLWK VWDELOL]HG SURGXFW FRPSOH[HV RI 12−
�+�6 DQG 12−

�+)� SUR�

FHHGLQJ E\ DQ (�FE�OLNH (� PHFKDQLVP� 7KH β�HOLPLQDWLRQ RI HWK\O QLWULWH LV DQ (� W\SH SURFHVV� 7KH α�HOLPL�

QDWLRQ UHDFWLRQV RI PHWK\O DQG HWK\O QLWULWHV ZLWK 2+− KDYH WULSOH�ZHOO HQHUJ\ SURILOHV RI (�FE SDWKZD\ ZLWK

DQ α�FDUEDQLRQ LQWHUPHGLDWH ZKLFK LV VWDELOL]HG E\ WKH YLFLQDO Q&α�σ2�1 FKDUJH WUDQVIHU LQWHUDFWLRQV� &RPSOH[�

DWLRQ RI PHWK\O FDUEDQLRQ ZLWK +) VHHPV WR SURYLGH D VWDEOH LQWHUPHGLDWH ZLWKLQ D WULSOH�ZHOO HQHUJ\ SURILOH RI

(�FE FKDQQHO LQ WKH UHDFWLRQ RI )− ZLWK PHWK\O QLWULWH�

,QWURGXFWLRQ

$ON\O QLWULWHV DUH NQRZQ WR XQGHUJR PDQ\ GLIIHUHQW W\SHV
RI UHDFWLRQV LQ WKH JDV SKDVH DV ZHOO DV LQ VROXWLRQ�� ,Q VROX�
WLRQ� QLWURVDWLRQ RI DPLQHV WDNHV SODFH E\ DON\O QLWULWHV FRQ�
FHUWHGO\ LQ DTXHRXV PHGLD EXW LV FKDQJHG WR D VWHSZLVH
PHFKDQLVP LQ QRQDTXHRXV VROYHQWV�� &DUEDQLRQV UHDFW
UHDGLO\ ZLWK DON\O QLWULWHV WR IRUP QLWURVR FRPSRXQGV DQG WR
R[LPHV E\ WDXWRPHUL]DWLRQ�� 7KH QLWULWH LRQ LV DOVR D JRRG
OHDYLQJ JURXS LQ VXEVWLWXWLRQ DQG HOLPLQDWLRQ UHDFWLRQV�� ,Q
WKH JDV SKDVH� DON\O QLWULWHV DUH XVHG DV VRXUFHV RI DONR[LGH
LRQV�� 'XH WR WKLV GLYHUVLW\ RI UHDFWLRQ SDWKZD\V� DON\O
QLWULWHV KDYH EHHQ XVHG DV XVHIXO VXEVWUDWHV IRU JDV�SKDVH
V\QWKHVLV UHDFWLRQV DQG IRU PHFKDQLVWLF VWXGLHV RI JDV�SKDVH
LRQ�PROHFXOH LQWHUDFWLRQV��� �� �

1HJDWLYH LRQ UHDFWLRQV RI D YDULHW\ RI DON\O QLWULWHV KDYH
EHHQ VWXGLHG XVLQJ DQ LRQ F\FORWURQ UHVRQDQFH �,&5� VSHF�
WURPHWHU�� 'H3X\ DQG FRZRUNHUV KDYH UHSRUWHG D IORZLQJ
DIWHUJORZ �)$� DQG VHOHFWHG LRQ IORZ WXEH �6,)7� VWXGLHV
RI WKH UHDFWLRQV RI DON\O QLWULWHV ZLWK D YDULHW\ RI QHJDWLYH
LRQV�� 7KH UHDFWLRQV RI IOXRULGH LRQ KDYH EHHQ VKRZQ WR SUR�
FHHG E\ VXEVWLWXWLRQ DQG�RU E\ HOLPLQDWLRQ FKDQQHOV� $O�
WKRXJK WKH\ KDYH DOVR XVHG 1+�

− DQG 2+− LRQV� GHWDLOHG
DQDO\VLV RI WKH DON\O QLWULWHV UHDFWLRQV ZLWK WKHVH DQLRQV ZHUH
QRW JLYHQ�
,Q WKLV ZRUN� ZH H[DPLQHG WKHRUHWLFDOO\ WKH JDV�SKDVH

UHDFWLRQV RI DQLRQV� 6+−� )− DQG 2+−� ZLWK PHWK\O DQG HWK\O
QLWULWHV LQ VRPH GHWDLO� 7KH SXUSRVH RI WKLV VWXG\ LV WR GHWHU�
PLQH WKH LQIOXHQFH RI EDVH VWUHQJWK RI WKH DQLRQ QHFOHRSKLOHV
DQG DON\O JURXSV RI QLWULWHV RQ WKH UHDFWLRQ PHFKDQLVPV DQG
SURGXFW GLVWULEXWLRQV� :KHUHYHU SRVVLEOH� ZH KDYH FRPSDUHG
RXU UHVXOWV ZLWK WKH H[SHULPHQW� DQG TXDQWLWDWLYH DQDO\VHV
DUH SUHVHQWHG IRU WKH SRWHQWLDO HQHUJ\ SURILOHV RI WKH UHDF�
WLRQV ZKLFK ZHUH H[SHULPHQWDOO\ LQDFFHVVLEOH�

&DOFXODWLRQV

$OO FDOFXODWLRQV ZHUH SHUIRUPHG ZLWK WKH SURJUDP *DXVV�
LDQ ���� (QHUJHWLFV DUH UHSRUWHG DW WKH 03� OHYHO XVLQJ WKH ��
����* EDVLV VHWV� $OO WKH VWDWLRQDU\ SRLQW VWUXFWXUHV ZHUH
IXOO\ RSWLPL]HG DQG FKDUDFWHUL]HG E\ YLEUDWLRQDO IUHTXHQF\
FDOFXODWLRQV� 7KH ]HUR�SRLQW HQHUJLHV DQG WKH WKHUPDO HQHUJ\
FRUUHFWLRQV IURP � WR ��� . ZHUH REWDLQHG IURP FDOFXODWLRQV
RI YLEUDWLRQDO IUHTXHQFLHV DW WKH 5+) OHYHO� 7KH HQWURS\
WHUPV �−7∆6� ZHUH DGGHG WR DUULYH DW WKH IUHH HQHUJ\
FKDQJHV �∆*�� 7KH QDWXUDO ERQG RUELWDO �1%2� DQDO\VHV �

ZHUH FDUULHG RXW WR GHWHUPLQH SUR[LPDWH �Q�σ� σ�σ HWF��
GHORFDOL]DWLRQ LQWHUDFWLRQ HQHUJLHV���� &DOFXODWLRQV RI SURWRQ
DIILQLWLHV ZHUH FDUULHG RXW DW WKH *�����03�� OHYHO��

5HVXOWV DQG 'LVFXVVLRQ

7KH QLWULWH LRQ LV D SRWHQWLDOO\ JRRG OHDYLQJ JURXS LQ VXE�
VWLWXWLRQ �61�� DQG LQ β�HOLPLQDWLRQ UHDFWLRQV� ,Q DGGLWLRQ�
HOLPLQDWLRQV LQYROYLQJ α�SURWRQ DEVWUDFWLRQ E\ D EDVH� %−�
DUH DOVR SRVVLEOH OHDGLQJ WR D FDUERQ�R[\JHQ GRXEOH ERQG
IRUPDWLRQ �(&2� SURFHVV LQ 6FKHPH ���� )RU PHWK\O QLWULWH�
β�HOLPLQDWLRQ ZLWK DQ H[SXOVLRQ RI QLWULWH LRQ LV QRW SRVVLEOH
DQG RQO\ WKH 61� DQG D�HOLPLQDWLRQ �(&2�� SURFHVVHV DUH
IRXQG WR RFFXU LQ WKH JDV SKDVH H[SHULPHQWDOO\��

3URWRQ�WUDQVIHU (QHUJLHV �37(��
7KH HOLPLQDWLRQ UHDFWLRQV DUH LQGXFHG E\ DEVWUDFWLRQ RI DQ

α� RU β�SURWRQ RI WKH DON\O JURXS E\ D EDVH �%−� VR WKDW SUR�
WRQ�WUDQVIHU IURP WKH DON\O JURXS WR %− LV FULWLFDO LQ GHWHU�

&RUUHVSRQGLQJ DXWKRU� )D[� ���������������� (�PDLO� LOHH#
GUDJRQ�LQKD�DF�NU 6FKHPH �
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PLQLQJ WKH UHDFWLYLW\ RI HOLPLQDWLRQ SURFHVVHV� :H KDYH
WKHUHIRUH H[DPLQHG SURWRQ DIILQLWLHV �3$� RI WKH DQLRQLF
EDVHV �∆+R IRU %+ → %− � +��� DQG α� DQG β�FDUEDQLRQV RI
WKH DON\O QLWULWHV �∆+R IRU ≡&+ → ≡&− � +��� 7KH SURWRQ�
WUDQVIHU HQHUJLHV �37( ≡ δ∆+R� IURP DQ DON\O QLWULWH WR D EDVH
�HT� �� FDQ EH JLYHQ E\ HT� � XVLQJ WKH WZR SURWRQ DIILQLWLHV�

≡&+ � %− → ≡&− � %+ ���

δ∆+R  3$ �&−� − 3$ �%−� ���

7KH 3$V DQG 37(V DUH VXPPDUL]HG LQ 7DEOH ��
:H QRWH WKDW β�SURWRQ WUDQVIHUV WR DQLRQLF EDVHV %−  )−

DQG 2+− DUH H[RWKHUPLF� ZKHUHDV α�SURWRQ WUDQVIHUV DUH
H[RWKHUPLF RQO\ ZLWK D VWURQJ EDVH 2+−� 7KH DEVWUDFWLRQ RI
DQ α�SURWRQ IURP PHWK\O QLWULWH UHTXLUHV PRUH HQHUJ\ �E\ FD�
� NFDO PRO−�� WKDQ WKDW IURP HWK\O QLWULWH� 7KHVH WUHQGV VXJ�
JHVW WKDW β�HOLPLQDWLRQ LV PXFK PRUH IDFLOH WKDQ α�HOLPLQD�
WLRQ DQG α�HOLPLQDWLRQ RI PHWK\O QLWULWH VKRXOG EH
VLJQLILFDQWO\ PRUH GLIILFXOW WKDQ WKDW RI HWK\O QLWULWH�
61� 5HDFWLRQV� (QHUJHWLFV DQG H[WHQWV RI ERQG�IRUPDWLRQ

DQG �FOHDYDJH LQ WKH WUDQVLWLRQ VWDWH �76� DV GHILQHG E\ SHU�
FHQWDJH ERQG�RUGHU FKDQJHV LQ WKH 76� �∆Q≠ LQ HT� ��� IRU
U��&α�% ERQG� DQG U��&α�/* ERQG� DUH VXPPDUL]HG LQ 7DEOH
��

�∆Q≠  × ��� ���

,Q HT� �� U≠� U3 DQG U5 DUH ERQG OHQJWKV LQ WKH 76� SURGXFW DQG

UHDFWDQW UHVSHFWLYHO\� DQG DZDV IL[HG WR ���� $OO WKH 61� SUR�
FHVVHV KDG GRXEOH�ZHOO SRWHQWLDO HQHUJ\ VXUIDFH �3(6�� )LJ�
XUH �� 7KH 76 LV EHORZ UHDFWDQWV OHYHO �∆*≠ � �� RQO\ IRU WKH
UHDFWLRQV RI VWURQJHVW DQLRQLF EDVH� 2+−� DOWKRXJK DOO WKH
61� SURFHVVHV DUH KLJKO\ H[RWKHUPLF �∆*R

I ���
5HSUHVHQWDWLYH 03��������* VWUXFWXUHV RI UHDFWDQW FRP�

SOH[� 76� DQG SURGXFW FRPSOH[ DUH JLYHQ LQ )LJXUH ��
7KH DFWLYDWLRQ IUHH HQHUJ\ �∆*≠� GHFUHDVHV ZLWK H[RWKHU�

PLFLW\ �−∆*R� DQG KHQFH WKH 61� UHDFWLYLW\ LV LQ JHQHUDO
GHWHUPLQHG E\ WKH WKHUPRG\QDPLF GULYLQJ IRUFH� 7KH JDV�
SKDVH 61� UHDFWLRQV ZLWK WKH ZHDNHVW EDVH� 6+−� KDYH WKH
KLJKHVW EDUULHUV �∆*≠ ≅ ��a�� NFDO PRO−��� 7KLV PD\ EH
DVFULEHG SDUWO\ WR D JUHDWHU GHJUHH RI OHDYLQJ JURXS �12�
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7DEOH �� 3URWRQ�WUDQVIHU HQHUJLHV >37(� δ∆+R 3$�&−� 3$�%−��
NFDO PRO−�@ RI α��&α� DQG β��&β� SURWRQ RI DON\O QLWULWHV WR EDVHV
�6+−� )− DQG 2+−�
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&+�212 ∆37(
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6+− ��� ���� ���� ���

)− ����� ���� ���� �����

2+− ����� ���� ��� �����

∆37( ��� ���� ����

3$V DUH �*�����03���� >H[SHULPHQWDO @ �D�� ������� >�����@� �������
>�����@ DQG ������� >�����@ IRU 6+−� )− DQG 2+−� UHVSHFWLYHO\� DQG
�������� �������� DQG ������� IRU β�FDUEDQLRQ �−&β� DQG α�FDUEDQLRQ
�−&α� RI HWK\O QLWULWH DQG α�FDUEDQLRQ �−&α� RI PHWK\O QLWULWH�
UHVSHFWLYHO\� LQ NFDO PRO−�� �D�*URQHUW� 6� -� $P� &KHP� 6RF� ����� ����
������

7DEOH �� (QHUJHWLFV �NFDO PRO−�� DQG H[WHQWV ��∆Q≠� RI ERQG�
IRUPDWLRQ �U�� DQG FOHDYDJH �U�� IRU 61� SURFHVVHV

&+�212 &+�&+�212

%− 6+− )− 2+− 6+− )− 2+−

∆*≠ D ���� ��� ���� ���� ��� ����

∆*R E ����� ����� ����� ����� ����� �����

∆*R
≠ F ���� ���� ���� ���� ���� ����

�∆Q≠ �U�� �� �� �� �� �� ��

�∆Q≠ �U�� �� �� �� �� �� ��

D$FWLYDWLRQ IUHH HQHUJ\ IURP WKH VHSDUDWHG UHDFWDQWV� E)UHH HQHUJ\ RI
UHDFWLRQ� F&HQWUDO EDUULHU � EDUULHU KHLJKW UHODWLYH WR WKH UHDFWDQW FRPSOH[�

)LJXUH �� 'RXEOH�ZHOO SRWHQWLDO HQHUJ\ VXUIDFH�

)LJXUH ���� *HRPHWULHV RI UHDFWDQW FRPSOH[HV� WUDQVLWLRQ VWDWHV
DQG SURGXFW FRPSOH[HV LQ 61� 5HDFWLRQV RI PHWK\O QLWULWH�
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H[SXOVLRQ UHTXLUHG LQ WKH 76 ZLWK WKH ZHDNHU EDVHV �IRU
PHWK\O �HWK\O� QLWULWH ERQG FOHDYDJHV LQ WKH 76 DUH ���
����� DQG ��� ����� IRU 2+− DQG 6+− UHVSHFWLYHO\�� ,Q
JHQHUDO� WKH VWURQJHU WKH EDVH� WKH HDUOLHU LV WKH 76 RQ WKH
UHDFWLRQ FRRUGLQDWH �VPDOOHU �∆Q≠ IRU U�� DQG WKH ORZHU LV
WKH DFWLYDWLRQ EDUULHU� LQ DJUHHPHQW ZLWK WKH %HOO�(YDQV�
3RODQ\L �%(3� SULQFLSOH��� 7KH DFWLYDWLRQ IUHH HQHUJLHV� ∆*≠�
IRU WKH HWK\O QLWULWH UHDFWLRQV DUH VOLJKWO\ KLJKHU E\ �a� NFDO
PRO−� WKDQ WKH FRUUHVSRQGLQJ UHDFWLRQV ZLWK PHWK\O QLWULWH�
7KH GHJUHHV RI ERQG IRUPDWLRQ DQG ERQG FOHDYDJH LQ WKH 76
�7DEOH �� DUH� KRZHYHU� TXLWH VLPLODU �H[FHSW IRU 2+−� VR WKDW
WKH ORZHU UHDFWLYLW\ L�H�� KLJKHU ∆*≠� RI WKH HWK\O VHULHV PD\
EH DVFULEHG WR WKH VWHULF KLQGUDQFH LQ WKH ERQG IRUPDWLRQ RI
WKH QXFOHRSKLOH LQ WKH 76�
(OLPLQDWLRQ 5HDFWLRQV�
$� 5HDFWLRQV RI 6+− DQG )− ZLWK PHWK\O QLWULWH� 7KH

JDV�SKDVH HOLPLQDWLRQ UHDFWLRQV RI PHWK\O QLWULWH ZLWK WKH
WZR ZHDNHU EDVHV� 6+− DQG )−� DUH IRXQG WR SURFHHG WKURXJK
GRXEOH�ZHOO SRWHQWLDO HQHUJ\ VXUIDFHV �)LJXUH ��� 7KH HOLPL�
QDWLRQ UHDFWLRQV DUH� KRZHYHU� KLJKO\ HQGRWKHUPLF �∆*R

J

�� LQ FRQWUDVW WR WKH ODUJH H[RWKHUPLFLW\ IRXQG IRU WKH 61�
SURFHVVHV� 7KH KLJK SURGXFW OHYHOV �+�6 � &+�2 � 12− DQG
+) � &+�2 � 12−� FDQ EH� DQG LQGHHG IRXQG WR EH� ORZHUHG
E\ WKH IRUPDWLRQ RI ORQJ OLYHG FROOLVLRQDO FRPSOH[HV RI 12−

DQG +) �12− DQG +�6 LQ WKH FDVH RI %−  6+−� LQ ZKLFK +)
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WKH (�FE SDWKZD\� 7KH ILUVW HQHUJ\ EDUULHU FRUUHVSRQGV WR
WKH SURWRQ WUDQVIHU VWHS �37� DQG DIWHU WKH FDUEDQLRQ &α

− IRU�
PDWLRQ OHDYLQJ JURXS H[SXOVLRQ �/*(� RFFXUV LQ WKH UDWH�
OLPLWLQJ VWHS� 7KLV UHDFWLRQ WKXV SURFHHG E\ DQ LUUHYHUVLEOH
(�FE SURFHVV��� 7KLV UHDFWLRQ LV H[RWKHUPLF DQG FDQ SURFHHG
HIILFLHQWO\ ZLWK QHJDWLYH DFWLYDWLRQ HQHUJ\ RI ��� NFDO PRO−��
7KH 03��������* VWUXFWXUH RI WKH WZR VWDWLRQDU\ SRLQWV
�37 DQG /*(� DUH VKRZQ LQ )LJXUH ��
D� ββ�(OLPLQDWLRQ UHDFWLRQV RI HWK\O QLWULWH� 7KH HOLPLQD�

WLRQ UHDFWLRQV RI HWK\O QLWULWH LQGXFHG E\ β�SURWRQ DEVWUDFWLRQ
SURFHHG E\ DQ (� PHFKDQLVP WKURXJK D W\SLFDO GRXEOH�ZHOO
IUHH HQHUJ\ SURILOH ZLWK DOO WKH EDVHV� 6+−� )− DQG 2+�� ([R�
WKHUPLFLWLHV ��∆*R� RI WKH UHDFWLRQ LQFUHDVH ZLWK WKH 3$ RI
WKH EDVHV� �∆*R� 6+− � )−

I 2+−� 7KH 76 EHFRPHV ODWHU
DORQJ WKH UHDFWLRQ FRRUGLQDWH DQG WKH EDUULHU KHLJKW �∆*≠�
LQFUHDVHV DV WKH 3$ RI EDVH GHFUHDVHV� 7DEOH ��
7KH β�SURWRQ DEVWUDFWLRQ OHDGV WR D β�FDUEDQLRQ� &β

−� LQ
ZKLFK Q&β�σ

&2 FKDUJH WUDQVIHU LQWHUDFWLRQ LV PXFK VWURQJHU
WKDQ WKH Q&α�σ

21 LQWHUDFWLRQ HQFRXQWHUHG LQ WKH α�SURWRQ
DEVWUDFWLRQ� 7KLV LV GXH WR WKH VWURQJ SRODU DWRP 2 UHODWLYH WR
& LQ WKH σ

&2 RUELWDO� ,W KDV EHHQ VKRZQ WKDW WKH LQWULQVLF
DFFHSWRU DELOLW\ RI &�; ERQG LV LQ WKH RUGHU &�) ! &�2 ! &�
1 ! &�& J 2�1�� 5HVXOWV RI WKH YLFLQDO Q�σ W\SH FKDUJH
WUDQVIHU LQWHUDFWLRQ DUH WR ZHDNHQ WKH σ �&�2� ERQG DQG
VWUHQJWKHQ WKH LQWHUYHQLQJ �&β�&α� ERQG���� $V D UHVXOW� WKH
03��������* JHRPHWULHV VKRZ WKDW &α�2 ERQG EHFRPHV
VWUHWFKHG �RU ZHDNHQHG� IURP ����� c LQ WKH VXEVWUDWH WR
����� c LQ WKH β�FDUEDQLRQ IDFLOLWDWLQJ WKH OHDYLQJ JURXS
GHSDUWXUH LQ WKH 76� 7KH ORZHU DFWLYDWLRQ HQHUJLHV� ∆*≠� RI
β�HOLPLQDWLRQ WKDQ WKH α�HOLPLQDWLRQ RI PHWK\O QLWULWH �7DEOH
�� VKRXOG UHVXOW SDUWO\ IURP WKLV HIILFLHQW Q�σ FKDUJH WUDQVIHU
LQWHUDFWLRQ LQ WKH β�FDUEDQLRQ�
E� αα�(OLPLQDWLRQ UHDFWLRQ RI HWK\O QLWULWH� 2XU UHVXOWV

VKRZ WKDW WKH HOLPLQDWLRQ UHDFWLRQ RI HWK\O QLWULWH LQGXFHG E\
α�SURWRQ DEVWUDFWLRQ �(&2� SDWK LQ 6FKHPH �� SURFHHGV RQO\
ZLWK D VWURQJ EDVH� 2+−� 7KH SURWRQ�WUDQVIHU HQHUJLHV �7DEOH
�� UHYHDO WKDW WKH α�SURWRQ DEVWUDFWLRQ LV H[RWKHUPLF �δ∆*R �
�� RQO\ ZLWK 2+−� 7KLV LV FRQVLVWHQW ZLWK WKH JDV�SKDVH
H[SHULPHQWDO UHVXOWV RI 'H3X\ DQG FRZRUNHUV� ZKR IRXQG
WKDW WKH UHDFWLRQ RI )− ZLWK HWK\O QLWULWH IRUPV H[FOXVLYHO\
12�

−� LPSOLFDWLQJ HLWKHU DQ 61� RU β�HOLPLQDWLRQ PHFKDQLVP

ZLWK QR α�HOLPLQDWLRQ SURGXFW� 12−� 7KH α�SURWRQ WUDQVIHU
HQHUJ\ LV H[RWKHUPLF �δ∆*R � �� RQO\ ZLWK 2+− �δ∆*R ≅
���� NFDO PRO−�� DQG IRU )− LW LV FD� �� NFDO PRO−� KLJKHU WKDQ
WKLV �δ∆*R ≅ �� NFDO PRO−��� 2Q WKH RWKHU KDQG� WKH α�SURWRQ
WUDQVIHU IURP HWK\O QLWULWH WR )− UHTXLUHV PXFK KLJKHU HQHUJ\
WKDQ WKH β�SURWRQ WUDQVIHU �E\ FD� �� NFDO PRO−�� VR WKDW WKH
α�HOLPLQDWLRQ UHDFWLRQ RI HWK\O QLWULWH ZLWK )− FDQ QRW FRP�
SHWH ZLWK WKH β�HOLPLQDWLRQ SDWKZD\ �DQG DOVR ZLWK WKH 61�
SDWK�� $ WULSOH�ZHOO IUHH HQHUJ\ SURILOH IRU WKH α�HOLPLQDWLRQ
RI HWK\O QLWULWH ZLWK 2+− �)LJXUH �� LV TXLWH VLPLODU WR WKDW IRU
WKH α�HOLPLQDWLRQ RI PHWK\O QLWULWH �)LJXUH ��� )RU WKH α�
HOLPLQDWLRQ RI HWK\O QLWULWH ERWK WKH DFWLYDWLRQ �∆*≠ � �� DQG
UHDFWLRQ HQHUJLHV �∆*R � �� DUH QHJDWLYH VR WKDW WKH α�HOLPL�
QDWLRQ RI HWK\O QLWULWH VKRXOG EH D PRUH IDFLOH SURFHVV LQ WKH
JDV SKDVH WKDQ WKDW RI PHWK\O QLWULWH� &RPSDULVRQ RI DFWLYD�
WLRQ EDUULHUV� ∆*≠� LQ 7DEOH � VKRZV WKDW α�HOLPLQDWLRQ RI
HWK\O QLWULWH FDQ FRPSHWH ZLWK β�HOLPLQDWLRQ DOEHLW WKH ODWWHU
SDWK LV PXFK PRUH H[RWKHUPLF �∆*R  ����� YV ����� NFDO
PRO−�� VR WKDW LW LV WKHUPRG\QDPLFDOO\ PXFK PRUH IDYRUDEOH�
,Q VXPPDU\� ERWK VXEVWUDWHV� PHWK\O DQG HWK\O QLWULWHV� FDQ

UHDFW ZLWK DOO WKH DQLRQLF QXFOHRSKLOHV� 6+−� )− DQG 2+−� LQ
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)LJXUH �� *HRPHWULHV RI VWDWLRQDU\ SRLQWV �37 DQG /*(� IRU
HOLPLQDWLRQV UHDFWLRQ RI PHWK\O QLWULWH�

)LJXUH �� )UHH HQHUJ\ SURILOH IRU WKH α−HOLPLQDWLRQ UHDFWLRQ RI
HWK\O QLWULWH ZLWK 2+−�
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