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0HDVXUHPHQWV RI VHFRQGDU\ SDUWLFOHV SURGXFHG IURP WKLFN WDUJHWV ERPEDUGHG E\ KHDY\ LRQV

7DGDKLUR .8526$:$��� 7DNDVKL 1$.$085$��� 1RULDNL 1$.$2��

7RNXVKL 6+,%$7$��� <RVKLWRPR 8:$0,12�� � $NLIXPL )8.8085$��

��&\FORWURQ DQG 5DGLRLVRWRSH &HQWHU� 7RKRNX 8QLYHUVLW\

$RED� $UDPDNL� $RED�NX� 6HQGDL� ��������� -DSDQ

NXURVDZD#F\ULF�WRKRNX�DF�MS
��+LJK (QHUJ\ $FFHOHUDWRU 5HVHDUFK 2UJDQL]DWLRQ� 7DQDVKL %UDQFK

0LGRUL�FKR ������7DQDVKL�7RN\R���������� -DSDQ
�� +LJK (QHUJ\ $FFHOHUDWRU 5HVHDUFK 2UJDQL]DWLRQ

2KR�FKR �� 7VXNXED� ,EDUDNL� ��������� -DSDQ
��,QVWLWXWH RI 3K\VLFDO DQG &KHPLFDO 5HVHDUFK

+LURVDZD ����:DNR� 6DLWDPD ��������� -DSDQ
��1DWLRQDO ,QVWLWXWH RI 5DGLRORJLFDO 6FLHQFHV

$QDJDZD ������ ,QDJHNX� &KLED�VKL� ��������� -DSDQ

:H PHDVXUHG DQJXODU DQG HQHUJ\ GLVWULEXWLRQV RI QHXWURQV� SURWRQV� GHXWHURQV DQG WULWRQV SURGXFHG E\ ���

0H9�QXFOHRQ +H LRQV VWRSSLQJ LQ WKLFN FDUERQ� DOXPLQXP� FRSSHU DQG OHDG WDUJHWV XVLQJ WKH +,0$& � +HDY\

,RQ 0HGLFDO $FFHOHUDWRU LQ &KLED� RI 1,56 �1DWLRQDO ,QVWLWXWH RI 5DGLRORJLFDO 6FLHQFHV�� -DSDQ E\ XVLQJ WKH

WLPH�RI�IOLJKW PHWKRG FRXSOHG ZLWK WKH ∆(�( FRXQWHU V\VWHP� 7KH H[SHULPHQWDO VSHFWUD ZHUH FRPSDUHG ZLWK WKH

FDOFXODWLRQ XVLQJ WKH /&6 FRGH DQG WKH FDOFXODWHG VSHFWUD DUH JHQHUDOO\ LQ UDWKHU JRRG DJUHHPHQW ZLWK WKH

PHDVXUHG VSHFWUD RI WKHVH IRXU VHFRQGDU\ SDUWLFOHV�

�� ,1752'8&7,21

:LWK WKH LQFUHDVLQJ XVH RI KLJK HQHUJ\ �KLJKHU WKDQ ���0H9�QXFOHRQ� KHDY\ LRQV �KHDYLHU WKDQ +H LRQ� LQ

YDULRXV ILHOGV� WKH HQHUJ\�DQJOH GLVWULEXWLRQ RI QHXWURQV SURGXFHG IURP D WKLFN WDUJHW ZKLFK IXOO\ VWRSV KHDY\

LRQV EHFRPHV YHU\ LPSRUWDQW DV WKH VRXUFH�WHUP GDWD RI VKLHOGLQJ GHVLJQ RI WKH DFFHOHUDWRU IDFLOLW\� $OWKRXJK

RQO\ RQH SDSHU KDV HYHU EHHQ SXEOLVKHG RQ WKLFN WDUJHW QHXWURQ \LHOG �77<� IRU ���0H9�QXFOHRQ +H LRQV >�@�

+HLOEURQQ HW DO� >�@ DQG RXU JURXS >�� �@ KDYH UHFHQWO\ SHUIRUPHG WKH H[SHULPHQWV RQ 77< IRU ���0H9�QXFOHRQ

+H LRQV >�@ DQG IRU ���� ��� 0H9�QXFOHRQ +H DQG ���� ���� ���0H9�QXFOHRQ & LRQV >�@ � DQG IRU ���� ����

���0H9�QXFOHRQ 1H LRQV >�@� ,Q WKLV ZRUN ZH SUHVHQW WKH DQJXODU � HQHUJ\ GLVWULEXWLRQV RI QHXWURQV� SURWRQV�

GHXWHURQV DQG WULWRQV SURGXFHG IURP WKLFN FDUERQ� DOXPLQXP� FRSSHU DQG OHDG WDUJHWV ERPEDUGHG E\ ���

0H9�QXFOHRQ KHOLXP LRQ� 7KH FKDUJHG SDUWLFOH VSHFWUD IURP WKLFN WDUJHWV DUH QRW VR LPSRUWDQW LQ SK\VLFDO

PHDQLQJ GXH WR WKH HQHUJ\ ORVV LQ WKH WDUJHW GHSHQGLQJ RQ WKH WDUJHW WKLFNQHVV� EXW WKHVH UHVXOWV ZLOO EH XVHIXO DV

EHQFKPDUN H[SHULPHQWDO GDWD WR LQYHVWLJDWH WKH DFFXUDF\ RI WKH SDUWLFOH�WUDQVSRUW FDOFXODWLRQ FRGH� +HUH� WKH

PHDVXUHG VSHFWUD DUH FRPSDUHG ZLWK WKRVH FDOFXODWHG ZLWK WKH /$+(7 &RGH 6\VWHP� /&6 >�@ DV D EHQFKPDUN

WHVW�

�� (;3(5,0(17$/ 352&('85(

7KH HQHUJ\ RI QHXWURQV� SURWRQV� GHXWHURQV DQG WULWRQV SURGXFHG LQ WKH WDUJHW ZDV PHDVXUHG E\ WKH WLPH�RI�

IOLJKW �72)� PHWKRG� $ WKLQ 1(���$ SODVWLF VFLQWLOODWRU ��FP GLDP� E\ ����FP WKLFN� ZDV SODFHG MXVW EHKLQG WKH

HQG ZLQGRZ RI WKH EHDP OLQH DV D EHDP SLFN�XS VFLQWLOODWRU� 7KH RXWSXW SXOVHV RI WKLV VFLQWLOODWRU ZHUH XVHG DV

VWDUW VLJQDOV RI WKH 72) PHDVXUHPHQW� DQG DOVR WR FRXQW WKH DEVROXWH QXPEHU RI SURMHFWLOHV LQFLGHQW RQ WKH WDUJHW�

$ WDUJHW ZDV VHW RQ WKH EHDP OLQH �� FP EHKLQG WKH EHDP SLFN�XS VFLQWLOODWRU� 7KH EHDP VSRW VL]H LQFLGHQW RQ WKH

WDUJHW ZDV DERXW ��� FP GLDPHWHU DQG WKH EHDP KHLJKW ZDV ����P DERYH WKH FRQFUHWH IORRU RI WKH H[SHULPHQWDO

DUHD� 7KH 1(��� OLTXLG VFLQWLOODWRU �����FP GLDP� E\ ����FP WKLFN�� ZKLFK ZDV GHVLJQHG WR H[SDQG WKH G\QDPLF

UDQJH RI RXWSXW SXOVHV IRU KLJK HQHUJ\ QHXWURQ PHDVXUHPHQWV>�@� ZDV XVHG IRU QHXWURQ GHWHFWRU �( FRXQWHU�� DQG

WKH 1(���$ SODVWLF VFLQWLOODWRU ��� FP E\ ��FP VTXDUH DQG ���FP WKLFN� IRU WKH ∆( FRXQWHU ZDV SODFHG LQ IURQW

RI WKH ( FRXQWHU WR GLVFULPLQDWH FKDUJHG SDUWLFOHV IURP QRQFKDUJHG SDUWLFOHV� QHXWURQV DQG SKRWRQV� 7KUHH VHWV RI

( DQG ∆( FRXQWHUV ZHUH XVHG IRU VLPXOWDQHRXV DQJXODU GLVWULEXWLRQ PHDVXUHPHQWV DW WKUHH GLIIHUHQW DQJOHV� 7KH

GHWHFWRUV ZHUH ORFDWHG � P DW ODUJH DQJOHV WR � P DW VPDOO DQJOHV DZD\ IURP WKH WDUJHW WR SURYLGH EHWWHU HQHUJ\

UHVROXWLRQV LQ WKH IRUZDUG GLUHFWLRQV ZKHUH WKHUH DUH ODUJHU \LHOGV RI KLJK HQHUJ\ QHXWURQV� ,Q RUGHU WR PLQLPL]H
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QHXWURQV LQ VFDWWHULQJ� QR ORFDO VKLHOGLQJ ZDV XVHG QHDU WKH GHWHFWRUV� %\ LQWHUSRVLQJ DQ LURQ VKDGRZ EDU RI ��FP

E\ ��FP VTXDUH DQG ��FP WKLFNQHVV EHWZHHQ WKH WDUJHW DQG GHWHFWRU� WKH EDFNJURXQG QHXWURQ FRPSRQHQWV IURP

URRP VFDWWHULQJ ZHUH PHDVXUHG SDUWLFXODUO\ DW ODUJH DQJOH� 7DUJHW WKLFNQHVVHV ZHUH VHOHFWHG WR VWRS WKH LQFLGHQW

SDUWLFOHV FRPSOHWHO\� 7DUJHW PDWHULDOV DUH & �����J�FP��� $O ����J�FP��� &X �����J�FP�� DQG 3E ������J�FP�� DQG

HDFK WDUJHW KDV D VKDSH RI ��FP E\ ��FP VTXDUH� 7KH &� $O� &X DQG 3E WDUJHWV DUH ���� ���� ��� DQG ��� FP WKLFN�

UHVSHFWLYHO\�

�� '$7$ $1$/<6,6

��� 1HXWURQV

$V WKH ∆( FRXQWHU GRHV QRW VFLQWLOODWH E\ QHXWURQV DQG JDPPD UD\V� WKH QHXWURQ DQG JDPPD UD\ HYHQWV

FRXOG EH VHOHFWHG IURP WKH FKDUJHG SDUWLFOH HYHQWV� E\ XVLQJ WZR�GLPHQVLRQDO ∆(�( JUDSKLFDO SORWV VKRZQ LQ )LJ�

� �D�� $IWHU WKLV GLVFULPLQDWLRQ� WKH QHXWURQ DQG WKH JDPPD UD\ HYHQWV ZHUH FOHDUO\ VHSDUDWHG E\ XVLQJ WZR�

GLPHQVLRQDO JUDSKLFDO SORWV RI WRWDO�VORZ SXOVH KHLJKW FRPSRQHQWV RI WKH ( FRXQWHU DV VKRZQ LQ )LJ� � �E�� ,Q WKLV

GLVFULPLQDWLRQ� WKH SXOVH VKDSHV IURP KLJK HQHUJ\ QHXWURQ HYHQWV LQ ZKLFK UHFRLO SURWRQV HVFDSH IURP WKH (

FRXQWHU DUH FORVH WR WKRVH IURP JDPPD�UD\ HYHQWV� DQG WKHVH HYHQWV ZHUH HOLPLQDWHG IURP WKH QHXWURQ HYHQWV�

$IWHU HDFK H[SHULPHQWDO UXQ� HDFK ( FRXQWHU ZDV FDOLEUDWHG ZLWK D ��&R JDPPD�UD\ VRXUFH� DQG WKH &RPSWRQ

HGJH LQ WKH JDPPD�UD\ VSHFWUXP ZDV XVHG DV WKH ELDV SRLQW RI ����0H9HH �HOHFWURQ HTXLYDOHQW� ZKLFK

FRUUHVSRQGHG WR � 0H9 QHXWURQ HQHUJ\� $IWHU REWDLQLQJ WKH 72) VSHFWUXP RI QHXWURQV� WKH GDWD ZHUH FRQYHUWHG

LQWR WKH HQHUJ\ VSHFWUXP RI QHXWURQV� )RU WKLV FRQYHUVLRQ� WKH GHWHFWLRQ HIILFLHQF\ RI WKH 1(��� ( FRXQWHU LV

HVVHQWLDO� 7KH H[SHULPHQWDO GDWD RI WKH GHWHFWLRQ HIILFLHQF\ IRU WKLV VFLQWLOODWRU KDV EHHQ SXEOLVKHG E\ 1DNDR HW

DO�>�@� EXW WKHUH LV QR GDWD IRU QHXWURQV RI HQHUJ\ KLJKHU WKDQ ���0H9� 7KHUHIRUH� WKH QHXWURQ GHWHFWLRQ

HIILFLHQF\ ZDV FDOFXODWHG ZLWK WKH 0RQWH &DUOR FRGH E\ &HFLO HW DO�>�@ IRU DOO HQHUJ\ UDQJH� &RUUHVSRQGLQJ WR WKH

HOLPLQDWLRQ RI KLJK HQHUJ\ QHXWURQ HYHQWV DV GHVFULEHG DERYH� WKH UHFRLO SURWRQ HYHQWV HVFDSHG IURP WKH (

FRXQWHU ZHUH DOVR H[FOXGHG IURP WKHVH FDOFXODWHG HIILFLHQFLHV�

��� &KDUJHG SDUWLFOHV

7R VHSDUDWH SURWRQ� GHXWHURQ DQG WULWRQ HYHQWV� WKUHH NLQGV RI WZR GLPHQVLRQDO JUDSKLFDO SORWV ZHUH XVHG�

7ZR GLPHQVLRQDO ∆(�( JUDSKLFDO SORWV LQ )LJ� ��D� ZHUH ILUVW XVHG WR LGHQWLI\ GLIIHUHQW = QXPEHU SDUWLFOHV� EXW

WKLV SORWV FRXOG QRW LGHQWLI\ GLIIHUHQW PDVV QXPEHU SDUWLFOHV� )URP )LJ� ��D� RQO\ = � SDUWLFOHV ZHUH VHOHFWHG�

DQG RQO\ D VPDOO IUDFWLRQ RI = � SDUWLFOHV FDQ EH VHHQ LQ )LJ� ��D� EHFDXVH WKH LQFLGHQW DOSKD SDUWLFOHV IXOO\

VWRSSHG LQ D WKLFN WDUJHW� 7KH WZR GLPHQVLRQDO SORWV RI 72)�( SXOVH KHLJKW GLVWULEXWLRQV IRU = � SDUWLFOHV DUH

VKRZQ LQ )LJ� ��D�� ,Q )LJ� ��D�� GLIIHUHQW PDVV SDUWLFOHV RI SURWRQV �P �� GHXWHURQV �P �� DQG WULWRQV �P �� DUH

FOHDUO\ VHSDUDWHG� EXW WKH SXOVH KHLJKWV RI KLJK HQHUJ\ SDUWLFOHV HVFDSHG IURP WKH ( FRXQWHU LQWHUVHFW EHWZHHQ

WKRVH RI GLIIHUHQW PDVV SDUWLFOHV� 7KLV LQWHUVHFWLRQ ZDV UHVROYHG LQ WKH IROORZLQJ ZD\� ,W LV ZHOO NQRZQ WKDW VORZ

FRPSRQHQWV IURP WKH 1(��� VFLQWLOODWRU LQFUHDVH ZLWK LQFUHDVLQJ WKH VSHFLILF HQHUJ\ ORVV � G(�G[ � IRU D JLYHQ

W\SH RI FKDUJHG SDUWLFOH� 7KH FKDUJHG SDUWLFOHV HVFDSHG IURP WKH GHWHFWRU� ZKLFK KDYH WKH ORQJHU VWRSSLQJ UDQJH

WKDQ WKH GHWHFWRU VL]H� JLYH VPDOO G(�G[ YDOXHV FRPSDUHG ZLWK WKH FKDUJHG SDUWLFOHV VWRSSHG LQ WKH GHWHFWRU DQG

WKHQ VORZ FRPSRQHQWV RI WKH OLJKW RXWSXWV IURP HVFDSHG SDUWLFOHV DSSURDFK WR WKH SXOVH KHLJKWV RI JDPPD UD\V�

7KHVH UHVXOWV DUH VKRZQ LQ WKH WZR GLPHQVLRQDO WRWDO�VORZ SXOVH KHLJKW SORWV� 7KH SURWRQ� GHXWHURQ DQG DOSKD

SDUWLFOHV KDYH WKUHH VHSDUDWH OLQHV LQ WKH RUGHU RI G(�G[ YDOXHV RI WKHVH WKUHH SDUWLFOHV DQG WKH FKDUJHG SDUWLFOHV

HVFDSHG IURP WKH GHWHFWRU DUH LQ WKH XSSHUPRVW OLQH LQGHSHQGHQW WR WKH SDUWLFOH PDVV� :H ILUVW VHOHFWHG SURWRQ

HYHQWV E\ VHWWLQJ WKH UHJLRQ RI LQWHUHVW �52,� LQ )LJ� ��D� ZKLFK LQFOXGHG WKH HYHQWV RI HVFDSHG GHXWHURQV DQG

WULWRQV� DQG WKHQ HOLPLQDWHG WKH ODWWHU HYHQWV E\ LGHQWLI\LQJ WKH HVFDSHG SDUWLFOH HYHQWV� DV VKRZQ LQ )LJ� ��E��

7KLV SURFHGXUH ZDV UHSHDWHG IRU GHXWHURQV DQG WULWRQV LQ WKLV RUGHU� :H ILQDOO\ REWDLQHG WKH 72) VSHFWUD IRU

SURWRQV� GHXWHURQV DQG WULWRQV VHSDUDWHO\� 7KH 72) VSHFWUD ZHUH WKHQ FRQYHUWHG WR WKH HQHUJ\ VSHFWUD E\

DSSUR[LPDWLQJ ���� GHWHFWLRQ HIILFLHQF\ RI WKH 1(��� GHWHFWRU�

�� 0217( &$/52 6,08/$7,216

7KHVH H[SHULPHQWDO UHVXOWV ZHUH FRPSDUHG ZLWK WKH FDOFXODWLRQV DV D EHQFKPDUN WHVW� 7KH VHFRQGDU\

SDUWLFOH VSHFWUD ZHUH FDOFXODWHG E\ XVLQJ WKH /$+(7 0RQWH &DUOR &RGH 6\VWHP� /&6>�@� 7KH /&6 FDOFXODWLRQV

ZHUH SHUIRUPHG IRU ���0H9�QXFOHRQ +H LQFLGHQFH RQ VWRSSLQJ�OHQJWK &� $O� &X DQG 3E WDUJHWV WR LQYHVWLJDWH WKH

FDOFXODWLRQDO DFFXUDF\� 7KH PDMRULW\ RI WKH /$+(7 SDUDPHWHUV ZDV VHW WR WKHLU GHIDXOW VHWWLQJV� 7KH WDUJHW

GLPHQVLRQ ZDV IL[HG WR EH WKH VDPH VL]H DV XVHG LQ WKH H[SHULPHQW� 7KH WDUJHW ZDV VHW DW WKH FHQWHU RI WKH YDFXXP

VSKHUH DQG D WRWDO QXPEHU RI ������� +H SDUWLFOHV ZHUH LQMHFWHG QRUPDOO\ WR WKH WDUJHW LQ WKH FHQWUDO FLUFXODU

VXUIDFH RI ��� FP GLDPHWHU ZKLFK VLPXODWHG WKH DFWXDO EHDP JHRPHWU\� 7KH DQJXODU IOX[ RI SDUWLFOHV RI QHXWURQV�

SURWRQV� GHXWHURQV DQG WULWRQV HPHUJHG IURP WKH WDUJHW ZHUH VWRUHG DW HDFK DQJOH FRUUHVSRQGLQJ WR WKH
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H[SHULPHQWDO UHVXOWV�

�� 5(68/76 $1' ',6&866,216

��� 1HXWURQ VSHFWUD

)LJ� � VKRZV WKH H[SHULPHQWDO DQG FDOFXODWHG QHXWURQ VSHFWUD� 1HXWURQ VSHFWUD PHDVXUHG LQ WKH IRUZDUG

GLUHFWLRQ KDYH D SODWHDX SHDN DW KLJK HQHUJ\ HQG ZKLFK FRUUHVSRQGV WR DERXW �� WR �� � RI WKH SURMHFWLOH HQHUJ\

SHU QXFOHRQ� 7KLV SHDN LV PDLQO\ GXH WR KLJK HQHUJ\ QHXWURQ FRPSRQHQWV SURGXFHG LQ WKH IRUZDUG GLUHFWLRQ E\ D

EUHDN�XS SURFHVV DQG EHFRPHV PRUH SURPLQHQW IRU OLJKWHU WDUJHW� VLQFH WKH PRPHQWXP WUDQVIHU IURP SURMHFWLOH WR

WDUJHW QXFOHL DUH KLJKHU IRU OLJKWHU QXFOHXV WKDQ IRU KHDYLHU QXFOHXV� 7KH KLJK HQHUJ\ QHXWURQV LQ WKH IRUZDUG

GLUHFWLRQ VSUHDG XS WR WKH HQHUJ\ ZKLFK LV DERXW WKH WZLFH DV PXFK DV WKH LQFLGHQW SDUWLFOH HQHUJ\ SHU QXFOHRQ�

7KH FDOFXODWHG VSHFWUD VKRZQ LQ )LJ� � JHQHUDOO\ JLYH UDWKHU JRRG DJUHHPHQW ZLWK WKH H[SHULPHQWDO UHVXOWV LQ

DEVROXWH YDOXHV� 3UHFLVHO\ VSHDNLQJ� WKH IROORZLQJ WKUHH WHQGHQFLHV FDQ EH VHHQ EHWZHHQ H[SHULPHQWV DQG

FDOFXODWLRQV� ,Q WKH FDOFXODWLRQ� D EURDG KLJK HQHUJ\ SHDN LQ WKH IRUZDUG GLUHFWLRQ DSSHDUV PRUH GLVWLQFWO\ DURXQG

LQFLGHQW SDUWLFOH HQHUJ\ SHU QXFOHRQ� FRPSDUHG ZLWK PRUH IODWWHQHG KLJK HQHUJ\ SHDN LQ WKH H[SHULPHQW� 7KLV

GLVFUHSDQF\ DOVR UHYHDOV WKDW WKH /&6 FDOFXODWLRQ JLYHV WKH XQGHUHVWLPDWLRQ RI WKH QHXWURQ VSHFWUD LQ WKH

LQWHUPHGLDWH HQHUJ\ UHJLRQ RI � WR �� 0H9� 7KH FDOFXODWHG VSHFWUD DW DQJOHV ODUJHU WKDQ �� GHJUHH DUH KDUGHU

WKDQ WKH PHDVXUHG VSHFWUD� ZKLFK PHDQV WKDW WKH /&6 FDOFXODWLRQ JLYHV WKH XQGHUHVWLPDWLRQ RI HYDSRUDWLRQ

QHXWURQV DQG WKH RYHUHVWLPDWLRQ RI SUH�HTXLOLEULXP QHXWURQV H[WHQGHG WR KLJKHU HQHUJ\ UHJLRQ�

��� 3URWRQ VSHFWUD

7KH H[SHULPHQWDO SURWRQ VSHFWUD DUH VKRZQ LQ )LJ �� 7KH ORZHU HQHUJ\ OLPLW LQ WKH PHDVXUHG VSHFWUD ZDV

HVWLPDWHG WR EH ��0H9 FRQVLGHULQJ WKH SURWRQ HQHUJ\ DEVRUSWLRQ WKURXJK WKH DLU EHWZHHQ WKH WDUJHW DQG WKH

GHWHFWRU ����FP�� WKH ∆( FRXQWHU ����FP WKLFN SODVWLF RI &+����� DQG WKH GHQVLW\ RI �����J�FP� � DQG WKH

DOXPLQXP FRYHU ����PP WKLFN� RI WKH ( FRXQWHU� 7KHVH HQHUJ\ DEVRUSWLRQ ZDV FDOFXODWHG IRU SURWRQ� GHXWHURQ

DQG WULWRQ XVLQJ WKH 63$5 FRGH >�@� DQG WKH ORZHU HQHUJ\ OLPLWV RI SURWRQ� GHXWHURQ DQG WULWRQ ZKLFK DUH

UHDFKDEOH WR WKH ( FRXQWHU DUH WKHQ HVWLPDWHG WR EH ����� ���� DQG ����0H9� $OWKRXJK SURWRQ VSHFWUD DUH VLPLODU

WR QHXWURQ VSHFWUD LQ VKDSHV DQG DEVROXWH YDOXHV DW IRUZDUG DQJOHV� SURWRQ \LHOGV UDSLGO\ GHFUHDVH ZLWK LQFUHDVLQJ

DQJOHV� $W ODUJH DQJOHV� ORZ HQHUJ\ SURWRQ FRPSRQHQWV DUH GRPLQDQW ZKLFK FDQ HDVLO\ EH DEVRUEHG E\ WKH WKLFN

WDUJHW LWVHOI� &RPSDUHG ZLWK PHDVXUHG DQG FDOFXODWHG SURWRQ VSHFWUD� WKH /&6 FDOFXODWLRQ IRU SURWRQ VSHFWUD

JLYHV UDWKHU JRRG DJUHHPHQW ZLWK WKH H[SHULPHQW LQ WKH IRUZDUG GLUHFWLRQ�

��� 'HXWHURQ VSHFWUD

7KH H[SHULPHQWDO GHXWHURQ VSHFWUD DUH VKRZQ LQ )LJ� �� $W �� GHJUHH� WKH GHXWHURQV HPLWWHG IURP WKH WDUJHW

FRXOG QRW EH GHWHFWHG EHFDXVH RI LWV VWURQJ IRUZDUGQHVV� 0HDVXUHG VSHFWUD LQ WKH IRUZDUG GLUHFWLRQ KDYH D EURDG

SHDN DURXQG ���0H9 DQG \LHOGV GHFUHDVH GUDVWLFDOO\ ZLWK LQFUHDVLQJ DQJOHV� )RU & WDUJHW� WKH FDOFXODWHG DQG

H[SHULPHQWDO UHVXOWV DJUHH ZHOO DW �� ���� �� DQG �� GHJUHHV� $W �� GHJUHH� WKH FDOFXODWHG VSHFWUXP LV ODUJHU WKDQ

WKH PHDVXUHG RQH� $V D JHQHUDO WHQGHQF\� WKH DJUHHPHQW EHWZHHQ FDOFXODWHG DQG PHDVXUHG GHXWHURQ VSHFWUD LV

VXUSULVLQJO\ JRRG�

��� 7ULWRQ VSHFWUD

7KH H[SHULPHQWDO WULWRQ VSHFWUD DUH VKRZQ LQ )LJ� �� 7ULWRQ FRXOG QRW EH GHWHFWHG DW �� DQG �� GHJUHHV

EHFDXVH RI PXFK VWURQJHU IRUZDUGQHVV WKDQ GHXWHURQ� 0HDVXUHG VSHFWUD LQ WKH IRUZDUG GLUHFWLRQ KDYH D EURDG

SHDN DURXQG ���0H9 DQG \LHOGV GHFUHDVH GUDVWLFDOO\ ZLWK LQFUHDVLQJ DQJOHV� ,Q WKH WULWRQ VSHFWUD� WKH /&6

FDOFXODWLRQ JLYHV JRRG DJUHHPHQW ZLWK WKH H[SHULPHQW LQ WKH IRUZDUG GLUHFWLRQ� HVSHFLDOO\ IRU KHDYLHU WDUJHW�

�� &21&/86,21

:H PHDVXUHG DQJXODU DQG HQHUJ\ GLVWULEXWLRQV RI QHXWURQV� SURWRQV� GHXWHURQV DQG WULWRQV SURGXFHG E\ ���

0H9�QXFOHRQ KHOLXP LRQV VWRSSLQJ LQ FDUERQ� DOXPLQXP� FRSSHU DQG OHDG WDUJHWV� 7KH H[SHULPHQWDO VSHFWUD ZHUH

FRPSDUHG ZLWK WKH FDOFXODWLRQ XVLQJ WKH /&6 FRGH DQG WKH FDOFXODWHG VSHFWUD DUH JHQHUDOO\ LQ UDWKHU JRRG

DJUHHPHQW ZLWK WKH PHDVXUHG VSHFWUD IRU WKHVH IRXU VHFRQGDU\ SDUWLFOHV� 7KHVH H[SHULPHQWDO UHVXOWV ZHUH IRXQG WR

EH XVHIXO DV WKH EHQFKPDUN GDWD IRU LQYHVWLJDWLQJ WKH DFFXUDF\ RI KLJK HQHUJ\ SDUWLFOH WUDQVSRUW FDOFXODWLRQ FRGH�

$FNQRZOHGJPHQWV

:H JUDWHIXOO\ DFNQRZOHGJH WKH VXSSRUW DQG DVVLVWDQFH RI WKH DFFHOHUDWRU RSHUDWLRQ VWDII RI +,0$&� 7KLV

ZRUN ZDV VXSSRUWHG LQ SDUW E\ WKH 5HVHDUFK 3URMHFW ZLWK +HDY\ ,RQV DW 1,56�+,0$&�

5HIHUHQFHV
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Fig. 3 Comparison of measured and calculated neutron spectra from carbon target.
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Fig. 4 Comparison of measured and calculated proton spectra from carbon target.
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Fig. 5 Comparison of measured and calculated deuteron spectra from carbon target.
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Fig. 6 Comparison of measured and calculated triton spectra from carbon target.


