
Fission Rate Determination in Delayed Neutron Emission Measurements

with T(p,n) and D(d,n) Neutrons

9�0��3LNVDLNLQ��9�6��6KRULQ��5�*��7HUW\WFKQ\L

,QVWLWXWH�RI�3K\VLFV�DQG�3RZHU�(QJLQHHULQJ
6WDWH�6FLHQWLILF�&HQWUH�RI�the 5XVVLDQ�)HGHUDWLRQ

��%RQGDUHQNR�VT���2EQLQVN��.DOXJD�Uegion��5XVVLD�������
)D[��+7-���-�������

(�PDLO��SLNVD#LSSH�UVVL�UX

August 1999

_________________________________________________________________

IAEA  NUCLEAR  DATA  SECTION,  WAGRAMER  STRASSE  5,  A-1400  VIENNA

INTERNATIONAL ATOMIC ENERGY AGENCY
INDC(CCP)-422

                                                                                      Distr.: DN

_______  ______  ___________________________________________________________________________________________________

 I N D C    INTERNATIONAL   NUCLEAR   DATA   COMMITTEE
_______________________________________________________________________________________________________________



Produced by the IAEA in Austria
August 1999



INDC(CCP)-422
Distr.: DN

Fission Rate Determination in Delayed Neutron Emission Measurements

with T(p,n) and D(d,n) Neutrons

9�0��3LNVDLNLQ��9�6��6KRULQ��5�*��7HUW\WFKQ\L

,QVWLWXWH�RI�3K\VLFV�DQG�3RZHU�(QJLQHHULQJ
6WDWH�6FLHQWLILF�&HQWUH�RI�the 5XVVLDQ�)HGHUDWLRQ

��%RQGDUHQNR�VT���2EQLQVN��.DOXJD�Uegion��5XVVLD�������
)D[��+7-���-�������

(�PDLO��SLNVD#LSSH�UVVL�UX

Abstract

$�PHWKRG� IRU� DFFXUDWH� PHDVXUHPHQW� RI� WKH� ILVVLRQ� UDWH� LQ� WKH� VDPSOHV� LUUDGLDWHG� E\
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PHDVXUHPHQWV�RI�WKH�ILVVLRQ�UDWH�LQ�WZR�ILVVLRQ�FKDPEHUV�SODFHG�LQ�WKH�YLFLQLW\�RI�WKH�VDPSOH
DQG�0RQWH�&DUOR�FDOFXODWLRQV�RI�ILVVLRQ�UDWHV�LQ�WKH�VDPSOH�DQG�LQ�WKH�FKDPEHUV¶�ILVVLRQDEOH
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PHDVXUHPHQWV�RI� WKH�WRWDO�GHOD\HG�QHXWURQ�\LHOGV�IURP�QHXWURQ�LQGXFHG�ILVVLRQ�RI����1S�DQG
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Fission Rate Determination in Delayed Neutron Emission Measurements
with T(p,n) and D(d,n) Neutrons
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,QVWLWXWH�RI�3K\VLFV�DQG�3RZHU�(QJLQHHULQJ
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(�PDLO��SLNVD#LSSH�UVVL�UX

,QWURGXFWLRQ

)RU� EHWWHU� XQGHUVWDQGLQJ� RI� WKH� QHXWURQ� LQGXFHG� ILVVLRQ� SURFHVV� RI� KHDY\� QXFOHL� DV� D
ZKROH�DQG�WKH�PHFKDQLVP�RI�GHOD\HG�QHXWURQV��'1��HPLVVLRQ�LQ�SDUWLFXODU��LW�LV�LQWHUHVWLQJ�WR
NQRZ� WKH� '1� HPLVVLRQ� SURSHUWLHV� DQG� WKHLU� GHSHQGHQFHV� RQ� DQ� H[FLWDWLRQ� HQHUJ\� RI� D
ILVVLRQDEOH�QXFOHXV��,Q�WKLV�UHVSHFW�RQH�RI�WKH�OHDVW�LQYHVWLJDWHG�YDOXHV�LV�WKH�DEVROXWH�'1�\LHOG
νG�(Q��YHUVXV�DQ�LQFLGHQW�QHXWURQ�HQHUJ\�(Q��$W� WKH�SUHVHQW� WLPH�WKH�GHWDLOHG�νG�(Q��GDWD�DUH
DYDLODEOH�RQO\�IRU�QXFOHL����8�����8�����8�>�@�

,Q� H[SHULPHQWV� ZLWK� D� F\FOLF� LUUDGLDWLRQ� RI� UHVHDUFKHG� VDPSOH� WKH� YDOXH� νG�(Q�� LV
GHWHUPLQHG�E\�WKH�UHODWLRQ�>�@

1�(Q��W�� ε⋅�5�(Q�⋅νG�(Q�⋅)� L�λL�WN��� ������

ZKHUH�1�(Q� �W�� LV� WKH�PHDVXUHG� FRXQW� UDWH� RI� WKH�'1�GHWHFWRU� DW� WKH� WLPH� W� DIWHU� WKH� HQG� RI
LUUDGLDWLRQ��QXPEHU�RI�'1�GHWHFWRU�FRXQWV�LQ�D�JLYHQ�WLPH�LQWHUYDO���ε��LV�WKH�QHXWURQ�GHWHFWRU
HIILFLHQF\�DYHUDJHG�RQ�WKH�'1�HQHUJ\�VSHFWUXP��)� L�λL�WN��� LV� WKH�IXQFWLRQ�GHSHQGLQJ�RQ�WKH
YDOXHV� RI� UHODWLYH�'1� \LHOGV� L� DQG� GHFD\� FRQVWDQWV�λL�� DQG� DOVR� RQ� WKH� WLPH� SDUDPHWHUV� WN
�LUUDGLDWLRQ�WLPH�DQG�GHOD\HG�QHXWURQ�FRXQWLQJ�WLPH��QXPEHU�RI�LUUDGLDWLRQ�F\FOHV�HWF����5�(Q��
LV� WKH� ILVVLRQ� HYHQW� UDWH�� 7KH� YDOXH� RI� ε� LV� XVXDOO\� PHDVXUHG� LQ� D� VSHFLDO� H[SHULPHQW� >�@
ZKHUHDV� WKH�YDOXH�5�(Q�� FKDUDFWHUL]HV� H[SHULPHQW� DV� D�ZKROH� DQG� GHSHQGV� RQ�PDQ\� IDFWRUV
�JHRPHWU\� RI� H[SHULPHQW�� PDVV� RI� D� VDPSOH� DQG� LWV� VL]HV� DQG� FRQILJXUDWLRQ�� IHDWXUHV� RI� D
QHXWURQ�VRXUFH�HWF����7KHUHIRUH�IURP�WKH�PHWKRGLFDO�SRLQW�RI�YLHZ�WKH�PRVW�FRPSOLFDWHG�WDVN
LV�WR�GHWHUPLQH�WKH�YDOXH�RI�5�(Q��DW�GLIIHUHQW�HQHUJLHV�RI�LQFLGHQW�QHXWURQV�

,Q� WKH� PDMRULW\� RI� H[SHULPHQWV� SHUIRUPHG� ZLWK� WKHUPDO� QHXWURQV� DQG� ZLWK� ILVVLRQ
VSHFWUXP�QHXWURQV��WKH�ILVVLRQ�UDWH�ZDV�GHWHUPLQHG�YLD�PHDVXULQJ�D�JDPPD�DQG�EHWD�DFWLYLW\
RI�ILVVLRQ�SURGXFWV�HPHUJHG�LQ�LUUDGLDWLRQ�SURFHVV�RI�D�VDPSOH�>���@��+RZHYHU�WKH�DSSOLFDWLRQ
RI� VXFK�PHWKRG� WR� VWXG\� WKH� HQHUJ\�GHSHQGHQFH�νG�(Q�� LQ� D�ZLGH� UDQJH� RI� QHXWURQ� HQHUJLHV
FDXVHV�GLIILFXOWLHV�EHFDXVH�RI�DEVHQFH�RI�WKH�UHOLDEOH�GDWD�RQ�WKH�HQHUJ\�GHSHQGHQFH�RI�ILVVLRQ
SURGXFW�\LHOGV�

,Q� WKH� ZRUN� >�@� WKH� ILVVLRQ� UDWH� ZDV� GHWHUPLQHG� XVLQJ� WKH� PHWKRG� RI� WKH� DEVROXWH
FRXQWLQJ� RI� ILVVLRQ� IUDJPHQWV� LQ� WKH� ILVVLRQ� FKDPEHU�ZKHQ� WKH� ILVVLOH� OD\HU� DQG� WKH� VDPSOH
XQGHU�LQYHVWLJDWLRQ�ZHUH�H[SRVHG�WR�DOPRVW�HTXDO�QHXWURQ�IOX[HV��)RU�WKLV�SXUSRVH�WKH�VDPSOH
ZDV�SODFHG�FORVH�HQRXJK�WR�WKH�ILVVLOH�OD\HU��6XFK�H[SHULPHQWDO�FRQILJXUDWLRQ�GLG�QRW�DOORZ�WR
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WUDQVSRUW�WKH�VDPSOH�LQWR�D�QHXWURQ�GHWHFWRU�DIWHU�WKH�LUUDGLDWLRQ��WKDW�HVVHQWLDOO\�UHGXFHG�'1
FRXQW�UDWH�

7KH�SXUSRVH�RI�WKH�SUHVHQW�ZRUN�LV�WR�FUHDWH�D�PHWKRG�RI�GHWHUPLQDWLRQ�RI�ILVVLRQ�HYHQW
UDWH� LQ� D� VDPSOH� LUUDGLDWHG� ZLWK� TXDVLPRQRHQHUJHWLF� QHXWURQV� IURP� WKH� 7�S�Q��+H� DQG
'�G�Q��+H�UHDFWLRQV��7KH�FRQVLGHUDWLRQ�LV�JLYHQ�IRU�WKH�FDVH�RI�WKH�PHDVXUHPHQWV�RI�'1�\LHOGV
IURP�QHXWURQ�LQGXFHG�ILVVLRQ�RI����1S�>�@�

)LVVLRQ�UDWH�LQ�VDPSOHV

,Q�JHQHUDO�WKH�FDOFXODWLRQ�RI�ILVVLRQ�UDWH�LQ�WKH�VDPSOH�LV�D�TXLWH�FRPSOLFDWHG�SUREOHP�>�@
FRQQHFWHG� ZLWK� VROYLQJ� WKH� QHXWURQ� WUDQVSRUW� NLQHWLF� HTXDWLRQ� WDNLQJ� LQWR� DFFRXQW� QHXWURQ
PXOWLSOH� VFDWWHULQJ� LQ� D� VDPSOH� DQG� FRQVWUXFWLRQ� PDWHULDOV� RI� WKH� H[SHULPHQWDO� VHWXS�� ,W� LV
QHFHVVDU\� WR� DFFRXQW� IRU� D� FRPSRVLWH� QRQPRQRHQHUJHWLF� VSHFWUXP� RI� DFFHOHUDWRU�EDVHG
QHXWURQ� VRXUFH� DV� ZHOO�� ,Q� WKH� JHQHUDO� IRUP� WKH� YDOXH� RI� 5�(Q�� FDQ� EH� SUHVHQWHG� DV� WKH
IXQFWLRQDO�RI�WKH�IROORZLQJ�W\SH�

5�(Q�� <Σ�()⋅Λ(U�⋅�ϕ�(�(Q�U�>(�U ����

ZKHUH� Σ�()� LV� WKH� HIIHFWLYH� PDFURVFRSLF� ILVVLRQ� FURVV�VHFWLRQ� IRU� QHXWURQV� ZLWK� HQHUJ\� (�
Λ(U��LV� WKH� QHXWURQ� SDWK� OHQJWK� LQ� WKH� VDPSOH� LQ� WKH� GLUHFWLRQ� RI� UDGLXV�YHFWRU� U� RI� WKH
LQWHUDFWLRQ�SRLQW��ϕ�(�(Q�U���LV�WKH�QHXWURQ�IOX[�RQ�WKH�VDPSOH�ZLWK�DYHUDJH�QHXWURQ�HQHUJ\�(Q��
WKH�VLJQ�<�>(�U�GHQRWHV�WKH�DYHUDJLQJ�RYHU�DOO�FRRUGLQDWHV�U�DQG�QHXWURQ�HQHUJLHV�(��7KH�YDOXH
RI� ϕ�(�(Q�U�� LV� DVVRFLDWHG� ZLWK� D� VSHFWUXP� RI� DFFHOHUDWRU�EDVHG� QHXWURQ� VRXUFH� ϕ0� E\� WKH
UHODWLRQ

ϕ�(�(Q�U� Φ0�(Q�⋅<ϕ0�(′�(QΩ�⋅*�(′→(�Ω→U�>(′�Ω�� ����

ZKHUH�Ω��LV�WKH�XQLW�YHFWRU�RI�DQ�RXWJRLQJ�QHXWURQ�GLUHFWLRQ��Φ0�(Q��LV�WKH�WRWDO�QHXWURQ�\LHOG
IURP�DQ�DFFHOHUDWRU�WDUJHW��*�(′→(�Ω→U��LV�WKH�*UHHQ�IXQFWLRQ��VFDWWHULQJ�LQGLFDWUL[��RI�WKH
V\VWHP�ZKLFK�LV�WDNLQJ�LQWR�DFFRXQW�WKH�IHDWXUHV�RI�QHXWURQV�WUDQVSRUW�IRU�WKH�JLYHQ�JHRPHWU\
RI�H[SHULPHQW��FLJ������6XFK�JHRPHWU\�UHODWHV�WR�WKH�FODVV�RI�³WLJKW��FORVH��JHRPHWU\´��ZKHUH
WKH�VDPSOH�XQGHU�VWXG\�LV�ORFDWHG�YHU\�FORVH�WR�D�QHXWURQ�VRXUFH�DQG�FRQVHTXHQWO\�VXEWHQGV�D
FRQVLGHUDEOH�VROLG�DQJOH�UHODWLYH�WR�LRQ�EHDP�GLUHFWLRQ��6XFK�JHRPHWU\�FRQGLWLRQV�DQG�UDWKHU
WKLFN� WDUJHWV� ���������PJ�FP���XVHG� WR�REWDLQ� LQWHQVLYH�QHXWURQ� IOX[HV� OHDG� WR� WKH�DGGLWLRQDO
QHXWURQ�HQHUJ\�VSUHDG�GXH�WR�WKH�LQFLGHQW� LRQ�HQHUJ\�ORVVHV� LQ� WKH� WDUJHW�PDWHULDO�DQG� WR� WKH
DQJXODU�NLQHPDWLFV�EURDGHQLQJ�RI�QHXWURQ�VSHFWUXP��7KHVH�HIIHFWV�UHVXOW�LQ�D�QRWLFHDEOH�ZLGWK
�XS� WR� ������� UHODWLYH� WR� (Q�� DQG� DV\PPHWU\� RI� WKH� VSHFWUXP� ϕ0�� $QRWKHU� VRXUFH� RI� WKH
QHXWURQ� HQHUJ\� VSUHDG� LV� FRQQHFWHG� ZLWK� WKH� VHFRQGDU\� QHXWURQV� GXH� WR� WKH� SURFHVVHV� RI
QHXWURQ� VORZLQJ�GRZQ� LQ� WKH� ZDWHU� OD\HU� ����� PP�� XVHG� IRU� WKH� WDUJHW� FRROLQJ� DQG� GXH� WR
QHXWURQ� PXOWLSOH� VFDWWHULQJ� RQ� WKH� VDPSOH� DQG� RQ� WKH� H[SHULPHQWDO� VHWXS� PDWHULDOV�� 7KHVH
SURFHVVHV� OHDG� WR� RFFXUUHQFH� RI� WKH� ORZ� HQHUJ\� WDLO� LQ� WKH� VSHFWUXP�ϕ�(�(Q�U��� ,W� LV� TXLWH� D
SUREOHP�WR�GHWHUPLQH�WKH�VSHFWUXP�ϕ0�DQG�HVSHFLDOO\� WKH�VSHFWUXP�ϕ�(�(Q�U��H[SHULPHQWDOO\�
7DNLQJ�LQWR�DFFRXQW�D�KLJK�SUHFLVLRQ�RI�WKH�GDWD�RQ�WKH�QHXWURQV�HPLVVLRQ�UHDFWLRQV�DQG�RQ�WKH
QHXWURQ�PDWWHU�LQWHUDFWLRQ�FRQVWDQWV��PRUH�DFFHSWDEOH�DSSURDFK�LV� WR�VLPXODWH�LW�QXPHULFDOO\�
$W�WKH�VDPH�WLPH�WKH�QRUPDOL]DWLRQ�FRQVWDQW�Φ0�(Q��FDQ�EH�GHWHUPLQHG�E\�WKH�FRPSDULVRQ�RI
WKH�FDOFXODWHG�YDOXH�ZLWK�WKH�FRXQW�UDWHV�5L�(Q��RI�WZR�PRQLWRU�ILVVLRQ�FKDPEHUV��ZLWK�ILVVLOH
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OD\HUV�PDGH�RI�WKH�VDPH�PDWHULDO����1S��L�LV�WKH�FKDPEHU¶V�QXPEHU��ORFDWHG�GLUHFWO\�LQ�IURQW�RI
DQG�EHKLQG�WKH�UHVHDUFKHG�VDPSOH�LQ�WKH�VDPH�QHXWURQ�IOX[��8VH�RI�WZR�ILVVLRQ�FKDPEHUV�IRU
QHXWURQ� IOX[� PRQLWRULQJ� HVVHQWLDOO\� UDLVHV� WKH� UHOLDELOLW\� RI� WKH� PHWKRG� EHFDXVH� SRVVLEOH
YDULDWLRQV�RI�D�QHXWURQ�ILHOG�DUH�WDNHQ�LQWR�DFFRXQW�LQ�WKH�FRXUVH�RI�WKH�VLPXODWLRQ�

%\� DQDORJ\� WR� WKH� H[SUHVVLRQ� ���� WKH� ILVVLRQ� UDWH� LQ� WKH� ILVVLRQ� FKDPEHU� L� FDQ� EH
ZULWWHQ DV

5L�(Q� εL⋅Φ0�(Q�⋅:L

:L� <ΣL⋅ΛL⋅ϕ�
L⋅ *L>��� ����

ZKHUH�εL�LV�WKH�HIILFLHQF\�RI�ILVVLRQ�HYHQW�UHJLVWUDWLRQ�IRU�WKH�ILVVLRQ�FKDPEHU�L��7KH�SURFHGXUH
RI� WKH� GHWHUPLQDWLRQ� RI� WKH� ILVVLRQ� FKDPEHU� HIILFLHQF\� ε� LV� FRQVLGHUHG� LQ� WKH� SDSHU� >�@� LQ
GHWDLOV��)URP�ET� ������IROORZV�WKDW�WKH�ILVVLRQ�UDWH�LQ�WKH�VDPSOH�FDQ�EH�expressHG�DV

5V�(Q� <5L�(Q�⋅�:L
��>L⋅�:V⋅ �εL����� ����

ZKHUH�WKH�LQGH[�V�UHODWHV�WR�WKH�VDPSOH��WKH�VLJQ�<��>L�PHDQV�WKH�DYHUDJH�YDOXH�RI�WKH�UHVXOWV
REWDLQHG�ZLWK�WZR�ILVVLRQ�FKDPEHUV��7KH�HTXDWLRQ�����FRQWDLQV�WKH�PHDVXUHG�YDOXHV�5L�(Q���WKH
ILVVLRQ� FKDPEHUV¶� HIILFLHQFLHV� εL�� DQG� WKH� UDWLR� RI� WZR� IXQFWLRQDOV� VXFK� DV�:� ZKLFK� FDQ� EH
FDOFXODWHG�E\�XVLQJ� WKH�0&13�FRGH� >�@�ZLWKLQ� WKH� VDPH�VFKHPH�DQG�ZLWK� LGHQWLFDO�QHXWURQ
LQWHUDFWLRQ� FRQVWDQWV�� 6XFK� SURFHGXUH� HVVHQWLDOO\� GHFUHDVH� SRVVLEOH� HUURUV� RI� WKH� FDOFXODWHG
YDOXH�5V�(Q��

)RU� 0&13�FDOFXODWLRQV� LW� LV� HVVHQWLDO� WR� GHILQH� WKH� VSHFWUXP� ϕ0�(′�(QΩ�� RI� WKH
DFFHOHUDWRU�EDVHG�QHXWURQ�VRXUFH�FRUUHFWO\��,Q�WKH�SUHVHQW�ZRUN�WKH�VSHFWUXP�ϕ0�ZDV�VLPXODWHG
E\� WKH� VXEURXWLQH� �6285&(�� >�@� ZKLFK� FDQ� RSHUDWH� ZLWK� D� ZLGH� FODVV� RI� QHXWURQ� VRXUFHV
�ERWK�VROLG�DQG�JDV��EDVHG�RQ�WKH��S��Q��DQG��G��Q����QXFOHDU�UHDFWLRQV��,WV�EULHI�GHVFULSWLRQ�LV
UHSUHVHQWHG�EHORZ�

6LPXODWLRQ�RI�QHXWURQ�VRXUFH�VSHFWUXP

1HXWURQ�VSHFWUXP�ϕ0�(′�θQ��ZKHUH�θQ�LV�WKH�/6�QHXWURQ�DQJOH�UHODWLYH�WR�WKH�LQFLGHQW�LRQ
EHDP� GLUHFWLRQ�� ZDV� FDOFXODWHG� LQ� FRUUHVSRQGHQFH� ZLWK� WKH� GLDJUDP� �FLJ�� ��� XQGHU� WKH
IRUPXOD >��@�

ϕ0�(′�θQ� FRQVW⋅∫∫∫∫�G[⋅GΩS⋅GΩ⋅G(S⋅*��θS�[�(��⋅*��(S−εS�[�θS�(��)⋅&�[�⋅�GσSQ�GΩ�(S�θ�
⋅�δ�(′−εQ�(S�θ��⋅�δ�θQ−χ�θS�θ���

+HUH�*�� LV� WKH� LRQ�DQJOH�GLVWULEXWLRQ� IXQFWLRQ�RI� LQFLGHQW� LRQ�HQHUJ\�(��DQG�RI� WKH�PXOWLSOH
VFDWWHULQJ� DQJOH� θS� DW� WKH� GHSWK� [� IURP� D� WDUJHW� VXUIDFH�� GΩS� DQG� GΩ� DUH� WKH� VROLG� DQJOH
HOHPHQWV�GHILQHG�E\�WKH�SRODU�DQJOHV�θS�DQG�θ�UHVSHFWLYHO\��*2� LV�WKH�HQHUJ\�ORVV�GLVWULEXWLRQ
IXQFWLRQ�RI� WKH� LRQ�HQHUJ\�(S�DW� WKH�GHSWK�[��εS�[�θS�(���� LV� WKH�PHDQ� LRQ�HQHUJ\��&�[�� LV� WKH
FRQFHQWUDWLRQ�SURILOH�RI�WKH�WDUJHW�PDWHULDO��Gσ�GΩ�LV�WKH�QHXWURQ�SURGXFWLRQ�GLIIHUHQWLDO�FURVV
VHFWLRQ�� δ� LV� WKH� FKDUDFWHU� RI� WKH� 'LUDF� GHOWD� IXQFWLRQ�� εQ� LV� WKH� QHXWURQ� HQHUJ\� IXQFWLRQ
NLQHPDWLFDOO\�FRQQHFWHG�ZLWK� WKH� LRQ�HQHUJ\�(S�DQG�ZLWK�QHXWURQ�HPLVVLRQ�DQJOH�θ��χ� LV� WKH
IXQFWLRQ� FRXSOLQJ� WKH� DQJOHV� θQ�� θS� DQG� θ�� 7KH� LQGH[HV S� DQG� Q� GHQRWH� D� SURMHFWLOH� DQG
HVFDSLQJ�QHXWURQ�UHVSHFWLYHO\�
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7KH�IROORZLQJ�DSSUR[LPDWLRQV�ZHUH�LQFOXGHG:

$� 7KH� IXQFWLRQ� *�� ZDV� VXSSRVHG� WR� KDYH� D� IRUP� *��\� H[S��\��� ZKHUH
\ θ�

��[��<θ�
�>�[�� DQG�<θ�

�>�[�� LV� WKH�PHDQ� VTXDUH�RI�PXOWLSOH� VFDWWHULQJ� DQJOH�RI
LRQV�LQ�WKH�WDUJHW�PDWWHU��L�H��WKH�VPDOO�VFDWWHULQJ�DQJOHV�DSSUR[LPDWLRQ�ZDV�XVHG�

%� 7KH�IXQFWLRQ�*��ZDV�VXSSRVHG�WR�EH�D�*DXVVLDQ��WKRXJK�LW�LV�NQRZQ�WKDW�IRU�VPDOO
HQHUJ\�ORVVHV�LW�LV�GHVFULEHG�E\�WKH�9DYLORY�GLVWULEXWLRQ�

&� 7KH� WDUJHWV� RI� D� PXOWLHOHPHQW� FRPSRVLWLRQ� ZLWK� WKH� QXPEHU� RI� FRPSRQHQWV� QRW
PRUH�WKDQ���DUH�FRQVLGHUHG�

'� 7KH�PXOWLOD\HU� WDUJHWV�ZLWK� WKH�QXPEHU�RI� OD\HUV�QRW�PRUH� WKDQ��� DUH� FRQVLGHUHG�
LQVLGH� HDFK� OD\HU� WKH� IXQFWLRQ�&�[�� IRU� WKH� JLYHQ� FRPSRQHQW� LV� FRQVLGHUHG� DV� D
FRQVWDQW� YDOXH�� 7KLV� DSSUR[LPDWLRQ� DOORZV� WR� RSHUDWH� ZLWK� ERWK� VROLG� DQG� JDV
WDUJHWV�

(� 7KH�FDVH�RI�QRUPDO�LQFLGHQFH�RI�D�ZLGH�LRQ�EHDP�XQLIRUPO\�GLVWULEXWHG�LQ�WKH�FLUFOH
RI� UDGLXV�5G� RQ� WKH� WDUJHW� VXUIDFH� LV� FRQVLGHUHG�� 7KH� FHQWUH� RI� WKH� EHDP� FDQ� EH
ELDVHG�UHODWLYH�WR�DQ�D[LV�RI�D�F\OLQGULFDO�WDUJHW�

7KH� FDOFXODWLRQ� RI� WKH� VSHFWUXP� RI� SULPDU\� QHXWURQV� UHTXLUHV� D� VROXWLRQ� RI� WKH� LRQ
VWRSSLQJ�SUREOHP�IRU�WKH�PXOWLOD\HU�WDUJHW�RI�PXOWLFRPSRQHQW�FRPSRVLWLRQ��7KLV�SUREOHP�ZDV
UHGXFHG�WR�WKH�QXPHULFDO�VROYLQJ�RI�WKH�V\VWHP�RI�WKH�ILUVW�RUGHU�GLIIHUHQWLDO�HTXDWLRQV�IRU�WKH
ILUVW� IRXU�PRPHQWV� RI� WKH� LRQ� HQHUJ\� GLVWULEXWLRQ� IXQFWLRQ� LQ� D� WDUJHW�PDWWHU�� 7KH� ILUVW� WZR
PRPHQWV�� QDPHO\� WKH� YDOXHV� εS�[�θS�(��� DQG� HQHUJ\� VWUDJJOLQJ� VS�[�(��� ZHUH� XVHG� IRU
VLPXODWLQJ�WKH�IXQFWLRQ�*���VHFRQG�WZR���WKH�FRHIILFLHQW�RI�VNHZQHVV�DQG�NXUWRVLV�� ZHUH�XVHG
WR�HVWLPDWH�WKH�DFFXUDF\�RI�WKH�DSSURDFK��$V�D�SDUW�RI�WKH�VROXWLRQ�WKH�DQJXODU�YDOXHV�<θ�

�>�[�
ZHUH� FDOFXODWHG�� $OO� FDOFXODWLRQV� ZHUH� EDVHG� RQ� WKH� LRQV� VWRSSLQJ� GDWD� G(�G[� LQ� PDWWHU
REWDLQHG�ZLWK�WKH�KHOS�RI�WKH�ZHOO�NQRZQ�FRGH�75,0��YHUVLRQ��������>��@��)RU�JLYHQ�HQHUJ\
(S� WKH�G(�G[�YDOXHV�ZHUH�FDOFXODWHG�XVLQJ� WKH�FXELF� VSOLQH��� LQWHUSRODWLRQ��)RU�PXOWLHOHPHQW
WDUJHWV� �FRPSRXQGV�� WKH� %UDJJ� UXOH� ZDV� XVHG�� 7R� FDOFXODWH� WKH� IXQFWLRQV� εQ�(S�θ�� WKH
UHODWLYLVWLF�NLQHPDWLF�IRUPXODH�IRU�WZR�SDUWLFOH�QXFOHDU�UHDFWLRQV�>��@�DQG�WKH�DWRPLF�PDVVHV
WDEOH� $XGL���� >��@� ZHUH� XVHG�� 7KH� FRGH� RSHUDWHV� ZLWK� WKH� IROORZLQJ� QHXWURQ� SURGXFWLRQ
UHDFWLRQV��7�S�Q���'�G�Q���7�G�Q����/L�S�Q��%H�DQG��/L�S�Q��%H
��DQG�WKH�LQYHUVH�WR�WKHP���7KH
GDWD�RQ� WKH�QHXWURQ�SURGXFWLRQ�FURVV�VHFWLRQ� LQ� WKH�FHQWHU�RI�PDVV� V\VWHP� �&0��ZHUH� WDNHQ
IURP�>��@�DQG�DSSURSULDWH�H[WUDSRODWLRQ�ZDV�XVHG�QHDU�WKUHVKROG�UDQJH�IRU��S�Q��±�UHDFWLRQV�

7KH�FRGH� LV�ZULWWHQ� LQ�³)RUWUDQ±��´� IRU� FRPSLOHU� I��/�(0����YHUVLRQ������� ,WV�PDLQ
SDUW� LV� WKH� VXEURXWLQH� QVRXUFH��(1��20��;��<��=��:*7�� ZKLFK� JHQHUDWHV� UDQGRP� YDULDEOHV�
QDPHO\�(1��� WKH�QHXWURQ�HQHUJ\� LQ�0H9��20������20������20������� WKH�GLUHFWLRQ�FRVLQHV�RI
WKH�XQLW�YHFWRU�GHILQLQJ�WKH�QHXWURQ�GLUHFWLRQ�UHODWLYH�WR�D[HV�2;��2<�DQG�2=�UHVSHFWLYHO\��;�
<��=�WKH�FRRUGLQDWHV�RI�QHXWURQ�ELUWK�SRLQW� �FRRUGLQDWH�=� LV� FKRVHQ� DORQJ� WKH� LQFLGHQW�EHDP
D[LV���:*7��WKH� QHXWURQ� ZHLJKW� �QXPEHU� RI� QHXWURQV� SHU� �� µ.O��� $W� WKH� ILUVW� FDOO� RI� WKH
SURJUDP�WKH�LQLWLDO�GDWD�DUH�HQWHUHG��7KHQ�WKH�VWRSSLQJ�SUREOHP�LV�VROYHG��$V�D�UHVXOW�WKH�WH[W
ILOH�FRQWDLQLQJ�WKH�PHDQ�LRQ�HQHUJ\�(S�W���0H9���WKH�VWUDJJOLQJ�VS�W�(����0H9��DQG�<θ�

�>�W��RQ
WKH� GHSWK� W� �PJ�FP��� LQ� WKH� WDEXODWHG� IRUP� LV� SURGXFHG�� $IWHU� WKH� VDPSOLQJ� RI� FRRUGLQDWHV
�;��<��RI�WKH�LQWHUDFWLRQ�SRLQW�LQ�WKH�FLUFOH�RI�UDGLXV�5G�DQG�=�FRRUGLQDWH�RI�WKH�QHXWURQ�ELUWK
SRLQW�� WKH� YDOXHV� (S�]��� VS�]��� <θ�

�>�]�� DUH� FDOFXODWHG� E\� D� OLQHDU� LQWHUSRODWLRQ�� )XUWKHU� WKH
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DSSURSULDWH� UDQGRP� YDOXHV� DUH� FDOFXODWHG� XVLQJ� WKH� QRUPDO� QXPEHUV� JHQHUDWRU� DQG� UDQGRP
QXPEHUV�JHQHUDWRU�IRU�DQ�H[SRQHQWLDO�GLVWULEXWLRQ��7KHQ�WKH�RXWJRLQJ�QHXWURQ�GLUHFWLRQ�DQJOH
�FRV�θ��� VLQ�θ��� LQ� WKH�&0� V\VWHP� IRU� WKH� WZR�SDUWLFOH� UHDFWLRQ� LV� VDPSOHG� XQLIRUPO\� LQ� WKH
UDQJH�IURP����WR�����7KH�VWDWLVWLFDO�ZHLJKW�:*7�SURSRUWLRQDO�WR�WKH�GLIIHUHQWLDO�UHDFWLRQ�FURVV�
VHFWLRQ�Gσ�(S�G�θ��GΩ�LV�DVVLJQHG�WR�WKH�QHXWURQ�ELUWK�HYHQW��)XUWKHU�RXWJRLQJ�GLUHFWLRQ�DQJOHV
RI� QHXWURQV� DUH� WUDQVIRUPHG� IURP� WKH� &0� V\VWHP� WR� WKH� /6� V\VWHP�� WKH� RXWJRLQJ� QHXWURQ
HQHUJ\�(1�DQG�WKH�20�YDOXHV�DUH�FDOFXODWHG��WKH�SUHVHQFH�RI�WZR�JURXSV�RI�RXWJRLQJ�QHXWURQV
IRU� WKUHVKROG� UHDFWLRQV� LV� WDNHQ� LQWR� DFFRXQW��� 7KH� UHVXOWV� RI� WKH� 0&13�FDOFXODWLRQV� RI
ϕ0�(′�(QΩ��DQG�ϕ�(�(Q�U��VSHFWUD�DUH�VKRZQ�EHORZ�

5HVXOWV

,Q� FLJXUHV� �� DQG� �� WKH� FDOFXODWHG� QHXWURQ� VSHFWUD�ϕ�(�(Q�U�� IRU� 7�S�Q�
�+H��� QHXWURQV

LQWHUDFWLQJ�ZLWK� WKH� ���1S�VDPSOH� DQG� ���1S� ILVVLOH� OD\HU� LQ� WKH� ILVVLRQ� FKDPEHU� DUH� VKRZQ�
2QH� FDQ� VHH� WKH� HIIHFWV� RI� WKH� QHXWURQ� IOX[� DWWHQXDWLRQ� DQG� PXOWLSOH� VFDWWHULQJ� RQ� WKH
FRQVWUXFWLRQDO� PDWHULDOV� RI� WKH� H[SHULPHQWDO� VHWXS�� 7KH� FDOFXODWLRQV� ZHUH� FDUULHG� RXW� IRU
OD\RXW�RI�WKH�VDPSOH�DQG�WKH�ILVVLRQ�FKDPEHUV�UHODWLYH�WR�WKH�QHXWURQ�VRXUFH�VKRZQ�LQ�FLJ����
7KH� OD\HUV� RI� WKH� ILVVLRQ� FKDPEHUV� ZHUH� PDGH� RI� GLR[LGH� RI� QHSWXQLXP�� 7KH� WKLFNQHVV� RI
ILVVLOH�OD\HUV�ZDV�����µJ�FP���GLDPHWHU�����FP��7KH�VDPSOH�ZDV�PDGH�RI�GLR[LGH�RI�QHSWXQLXP
DQG� UHSUHVHQWV� WKH� F\OLQGHU� �����FP� GLDPHWHU� DQG� ����FP� KHLJKW� SODFHG� LQ� WKH� FRQWDLQHU� RI
VWDLQOHVV�VWHHO�

$V�LW�LV�VKRZQ�LQ�FLJs���DQG���WKH�QHXWURQ�GLVWULEXWLRQV�ϕ�(�(Q�U!U DYHUDJHG�RYHU�WKH
YROXPHV� RI� WKH� VDPSOH� DQG� WKH� ILVVLOH� OD\HU� IRU� WKH� VDPH� LQFLGHQW� LRQV� HQHUJ\� �(��  ������
��������������������0H9��KDYH�HVVHQWLDOO\�GLIIHUHQW�VKDSHV��GLVSHUVLRQV�DQG�DV\PPHWU\��7KLV
FDQ�EH�VHHQ�DOVR�IURP�WKH�7DEOH���ZKHUH�WKUHH�ILUVW�PRPHQWV�RI�WKH�QHXWURQ�VSHFWUD�UHODWHG�WR
WKH�VDPSOH�DUH�SUHVHQWHG��7KH�ORZ�HQHUJ\�³WDLO´�LQ�WKH�QHXWURQ�VSHFWUXP�RQ�WKH�VDPSOH�GXH�WR
WKH�QHXWURQ�PXOWLSOH� VFDWWHULQJ� HIIHFWV� FDQ�EH� VHHQ�� ,W� LV� LPSRUWDQW� WR� WDNH� LQWR� DFFRXQW� WKLV
FRPSRQHQW�LQ�WKH�PHDVXUHPHQWV�ZLWK�QRQ�WKUHVKROG�ILVVLOH�LVRWRSHV��%HVLGHV�WKDW�LQ�ERWK�FDVHV
WKH�VKDSH�RI�GLVWULEXWLRQV�KDV�D�VWURQJ�HQHUJ\�GHSHQGHQFH�DQG�WKHLU�PHDQ�QHXWURQ�HQHUJLHV�DUH
UDWKHU� GLIIHUHQW�� 7DNLQJ� LQWR� FRQVLGHUDWLRQ� WKH� HQHUJ\� GHSHQGHQFH� RI� ���1S� ILVVLRQ� FURVV�
VHFWLRQ��RQH�FDQ�H[SHFW�D�FRQVLGHUDEOH�HQHUJ\�GHSHQGHQFH�RI�WKH��:L

���:V��UDWLR�YDOXH�RI� WKH
ILVVLRQ�UDWHV�LQ�WKH�VDPSOH�DQG�ILVVLRQ�FKDPEHU�LQ�WKH�YLFLQLW\�RI�WKH�ILVVLRQ�WKUHVKROG�IRU�WKH
FDVH�RI�³WLJKW�JHRPHWU\´�

7KH� WHVW� RI� WKH� PHWKRG� �WR� HVWLPDWH� WKH� 5V��(Q�� YDOXH� SURSHUO\�� ZDV� FDUULHG� RXW� E\
PHDVXULQJ�WKH�FRXQW�UDWH�5L��(Q��LQ�WKH�ILVVLRQ�FKDPEHUV�SODFHG�DW�GLIIHUHQW�GLVWDQFHV�IURP�WKH
QHXWURQ� WDUJHW� DQG� E\� FRPSDULQJ� WKH� UHVXOWV� ZLWK� FDOFXODWHG� YDOXHV�:L�� 7KH� UHVXOWV� RI� WKH
FRPSDULVRQ�DUH�VKRZQ�LQ�FLJ�����7KH� OLJKW�FLUFOHV�DUH� WKH�H[SHULPHQWDO�GDWD�5L��(Q��REWDLQHG
XVLQJ� WKH� ILVVLRQ� FKDPEHU� SODFHG� EHWZHHQ� WKH� QHXWURQ� VRXUFH� DQG� WKH� VDPSOH�� 7KH� EODFN
FLUFOHV� VKRZ� WKH�GDWD� IRU� WKH� ILVVLRQ� FKDPEHU� ORFDWHG�EHKLQG� WKH� VDPSOH��7KH�EODFN� VTXDUHV
FRQQHFWHG� E\� VROLG� FXUYH� VKRZ� WKH� FDOFXODWHG� YDOXHV� :L�� ,Q� WKH� LQVHUW� WKH� UDWLR� RI� WKH
H[SHULPHQWDO�ILVVLRQ�UDWH�WR�WKH�FDOFXODWHG�RQH�LV�SUHVHQWHG��$V�RQH�FDQ�VHH�IURP�WKH�ILJXUH�WKH
GLVFUHSDQF\�RI� WKH�H[SHULPHQWDO�YDOXHV�RI� WKH� ILVVLRQ� UDWHV�DQG� WKH�FDOFXODWHG�RQHV�GRHV�QRW
H[FHHG� ����� LQ� D�ZLGH� UDQJH� RI� GLVWDQFHV� IURP� WKH� QHXWURQ� VRXUFH� WR� WKH� ILVVLRQ� FKDPEHU�
7KHUHIRUH�WKH�DFFXUDF\�RI� WKH�GHWHUPLQDWLRQ�RI� WKH�5V�(Q��YDOXHV�EDVHG�RQ� WKH�FDOFXODWLRQ�RI
WKH�IXQFWLRQDOV�:L�DQG�:V�IRU�DFWXDO�VDPSOHV�VKRXOG�QRW�H[FHHG�WKH�TXRWHG�YDOXH�
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,Q� FLJ�� �� WKH� UHVXOWV� RI� FDOFXODWLRQV� RI� WKH� YDOXHV� �:L⋅:V
���� IRU� WKH� ���1S� VDPSOH

REWDLQHG� IRU� WZR� FDVHV� RI� QHXWURQ� IOX[�PRQLWRULQJ� �E\� RQH� DQG� WZR� ILVVLRQ� FKDPEHUV�� DUH
SUHVHQWHG�� 7KH� HQHUJ\� GHSHQGHQFH� RI� WKLV� YDOXH� LQ� WKH� UDQJH� RI� QHXWURQ� HQHUJLHV� IRU
7�S��Q��+H���UHDFWLRQ�LV�GHILQHG�E\�WKH�GLIIHUHQFH�LQ�WKH�DYHUDJH�QHXWURQ�HQHUJLHV�LQ�WKH�VDPSOH
DQG�LQ�WKH�ILVVLRQ�FKDPEHU��,Q�WKH�FDVH�RI�WKH�'�G�Q��+H�QHXWURQV�WKH�LQFUHDVH�RI�WKH��:L⋅:V

���
YDOXH�ZLWK�QHXWURQ�HQHUJ\�LV�GHWHUPLQHG�E\�WKH�NLQHPDWLFV�RI�WKH�QHXWURQ�SURGXFWLRQ�UHDFWLRQ�
7KH�FDOFXODWLRQV�VKRZ�WKDW�WKH�QHXWURQ�WUDQVSRUW�HIIHFWV�GRHV�QRW�OHDG�WR�FRQVLGHUDEOH�FKDQJHV
LQ�WKH�HQHUJ\�GHSHQGHQFH�RI�WKH�ILVVLRQ�UDWH�UDWLRV��ZKLOH�WKH�VKLIWV�RI�WKH�DEVROXWH�YDOXH�RI�WKH
UDWLR�DUH�QRWLFLEOH��DERXW�������,W�FDQ�EH�VHHQ�IURP�FLJ����WKDW�IRU�WKH�FDVH�RI�³WLJKW�JHRPHWU\´
WKH� ILVVLRQ� UDWHV� UDWLR� LV� FORVH� WR� D� FRQVWDQW� LQ� WKH� UDQJH� RI� WKH� DYHUDJH� QHXWURQ� HQHUJLHV
�-� 0H9��6XFK�EHKDYLRXU� HVVHQWLDOO\� VLPSOLILHV� WKH� GDWD� DQDO\VLV� RQ� WKH� HQHUJ\� GHSHQGHQFH
νG�(Q��LQ�WKH�UDQJH�RI�HQHUJLHV�ZKHUH�WKHUH�LV�D�WUDQVLWLRQ�IURP�RQH�QHXWURQ�VRXUFH�WR�WKH�RWKHU
DQG�UDLVHV�WKH�UHOLDELOLW\�RI�WKH�QRUPDOL]DWLRQ�PHWKRG�

,Q�FLJ�����EODFN�FLUFOHV��WKH�FDOFXODWLRQ�UHVXOWV�RI�WKH�YDOXH��:L⋅:V
����DUH�VKRZQ�IRU�WKH

FDVH�ZKHQ�WZR�ILVVLRQ�FKDPEHUV�ZHUH�XVHG�LQ�WKH�H[SHULPHQW�IRU�QHXWURQ�IOX[�PRQLWRULQJ��7KH
GDWD� DUH� JLYHQ� IRU� WKH� ILVVLRQ� FKDPEHU� EHLQJ� SODFHG� EHKLQG� WKH� VDPSOH�� 7KH� HQHUJ\
GHSHQGHQFH�RI� WKH�UDWLR�LV�IODWWHU� LQ�WKLV�FDVH��7KLV�³WZR�ILVVLRQ�FKDPEHU´�FRQILJXUDWLRQ�ZDV
XVHG�IRU�PHDVXULQJ�WKH�DEVROXWH�\LHOG�RI�GHOD\HG�QHXWURQV�

7KH�PHWKRG�RI�WKH�ILVVLRQ�UDWH�GHWHUPLQDWLRQ�LQ�WKH�VDPSOH�SUHVHQWHG�KHUH�ZDV�XVHG�WR
VWXG\�WKH�HQHUJ\�GHSHQGHQFH�RI�'1�WRWDO�\LHOG�IURP�ILVVLRQ�RI����8�DQG����1S�LQ� WKH�HQHUJ\
UDQJH�������0H9��7KH�UHVXOWV�DUH�VKRZQ�LQ�FLJ�����7KHVH�GDWD�DUH�REWDLQHG�LQ�WZR�H[SHULPHQWV
�ZLWK�RQH�DQG�WZR�ILVVLRQ�FKDPEHUV���,Q�WKH�FDVH�RI����8�D�JRRG�DJUHHPHQW�RI�RXU�UHVXOWV�ZLWK
WKH�GDWD�>�@�LV�REVHUYHG��,Q�WKH�FDVH�RI����1S�WKH�GDWD�RQ�WKH�HQHUJ\�GHSHQGHQFH�RI�'1�WRWDO
\LHOG�DUH�REWDLQHG�IRU�WKH�ILUVW�WLPH�DQG�VKRZ�FRQVLGHUDEOH�GHSHQGHQFH�RI�νG RQ�WKH�LQFLGHQW
QHXWURQ�HQHUJ\�
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)LJ���� 7KH�VFKHPH�RI�WKH�H[SHULPHQW�
� � ���1S�ILVVLOH�OD\HU��� �����1S�VDPSOH����� QHXWURQ�WDUJHW����� ILVVLRQ�FKDPEHUV�
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)LJ���. 7KH� GLDJUDP� IRU� FDOFXODWLRQ� RI� WKH� QHXWURQ� VSHFWUXP� ϕ0�(Q�θQ��� (Q� DQG� (�� �� WKH
HQHUJLHV�RI�RXWJRLQJ�QHXWURQ�DQG�LQFLGHQW�LRQ�UHVSHFWLYHO\��(S�[��� WKH�LRQ�HQHUJ\�DW
WKH�GHSWK�[��θS - WKH�DQJOH�RI�PXOWLSOH�VFDWWHULQJ��θ�� WKH�RXWJRLQJ�QHXWURQ�GLUHFWLRQ
DQJOH�relative to�WKH�GLUHFWLRQ�RI�the�LRQ�at the point of LQWHUDFWLRQ��θQ�� WKH�RXWJRLQJ
QHXWURQ�GLUHFWLRQ�DQJOH�relative to�WKH�GLUHFWLRQ�RI�the�LQFLGHQW�LRQ�at the�SRLQW�[ ��
��� WKH�HQWU\�SRLQW�RI�the�LRQ�LQ�D�WDUJHW������WKH�SRLQW�RI�LQWHUDFWLRQ����� WKH�SRLQW�RI
QHXWURQ�DEVRUSWLRQ�LQ�WKH�VDPSOH�������� WKH�SRLQWV�RI�QHXWURQ�VFDWWHULQJ�RXWVLGH�RI�D
WDUJHW�

1

3

2

n

n
n

4

p, d
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1HXWURQ�HQHUJ\��0H9

�(
S
 ������0H9����7KH�FXUYHV�ZLWKRXW

�(
S
 ������0H9����V\PEROV�FRUUHVSRQG

�(
S
 ������0H9����WR�WKH�FDVH�ZKHQ�VFDWWHULQJ�

�(
S
 ������0H9����DQG�DWWHQXDWLRQ�SURFHVVHV

��������������������������������������ZHUH�QRW�WDNHQ�LQWR�DFFRXQW

)LJ���� 1HXWURQ� HQHUJ\� GLVWULEXWLRQ� DYHUDJHG� RYHU� ILVVLOH� OD\HU� RI� D� ILVVLRQ� FKDPEHU
<ϕ�(�(Q�U�>U.�7KH�XSSHU�FXUYHV�DUH�REWDLQHG�IRU�WKH�FDVH�ZKHQ�RQO\�NLQHPDWLF�HIIHFWV
RI�D�EURDGHQLQJ�RI�QHXWURQ�VSHFWUD�ZHUH�WDNHQ�LQWR�FRQVLGHUDWLRQ��7KH�ORZHU�FXUYHV
DUH� REWDLQHG� IRU� WKH� FDVH�ZKHQ�DOO� HIIHFWV� LQIOXHQFLQJ� RQ� WKH� VKDSH� RI� WKH� QHXWURQ
VSHFWUXP�DUH�WDNHQ�LQWR�DFFRXQW�
�([SODQDWLRQ�VHH�LQ�)LJ�����.
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1HXWURQ�HQHUJ\��0H9

�(
S
 ������0H9����7KH�FXUYHV�ZLWKRXW

�(
S
 ������0H9����V\PEROV�FRUUHVSRQG

�(
S
 ������0H9����WR�WKH�FDVH�ZKHQ�VFDWWHULQJ�

�(
S
 ������0H9����DQG�DWWHQXDWLRQ�SURFHVVHV

��������������������������������������ZHUH�QRW�WDNHQ�LQWR�DFFRXQW

)LJ���� 7KH�QHXWURQ�HQHUJ\�GLVWULEXWLRQ�DYHUDJHG�RYHU�VDPSOH�<ϕ�(�(Q�U�>U�
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'LVWDQFH�IURP�QHXWURQ�VRXUFH��PP
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'LVWDQFH�IURP�QHXWURQ�VRXUFH��PP

)
LV
V
LR
Q
�U
D
WH
�U
D
WL
R

)LJ���� &RPSDULVRQ� RI� ILVVLRQ� UDWHV� LQ� WKH� ILVVLRQ� FKDPEHUV� DW� GLIIHUHQW� GLVWDQFHV� IURP� D
QHXWURQ� VRXUFH� 7�S��Q�� REWDLQHG� E\� PHDVXULQJ� 5L��(Q�� DQG� RQ� WKH� EDVLV� RI� :L

FDOFXODWLRQV��7KH�HQHUJ\�RI�SULPDU\�SURWRQV�LV�������0H9��7KH�GDWD�DUH�H[SODLQHG�LQ
WKH�WH[W�

0 1 2 3 4 5

0,10

0,15

0,20

0,25

0,30

R
a

tio
 o

f 
fis

si
o

n
 r

a
te

s

<E
n
>, MeV (average neutron energy )

)LJ���� 7KH� UDWLR� RI� ILVVLRQ� UDWHV� LQ� D� OD\HU� RI� ILVVLRQ� FKDPEHU� DQG� ���1S� VDPSOH�:L⋅:V
���

2SHQ� FLUFOHV� DUH� UHODWHG� WR� ³RQH� ILVVLRQ� FKDPEHU´� JHRPHWU\�� %ODFN� FLUFOHV� DUH
UHODWHG� WR�³WZR� ILVVLRQ� FKDPEHUV´�JHRPHWU\�� 7KH� SRLQWV� DUH� FRQQHFWHG� E\� VWUDLJKW
OLQHV�IRU�YLVXDOL]DWLRQ�
7KH�GHSHQGHQFH�LQ�WKH�HQHUJ\�UDQJH�����0H9�ZDV�QRW�FDOFXODWHG�
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�.ULFN�>�@
�0DVWHUV�>��@
�%HQHGHWWL�>��@
�6DOHK�>��@
�SUHVHQW�Z�

�������������UHO�GDWD�
�SUHVHQW�Z�

�������������DEV�GDWD�
�7XWWOH�>��@
�:DOGR�>��@
�*XGNRY�>��@
�/RDL]D�>��@
�&KDUWRQ�>��@

7
RW
DO
�'
1
�\
LH
OG
��Q
HX
WU
RQ
�IL
VV
LR
Q

1HXWURQ�HQHUJ\��0H9

)LJ���� 7KH� HQHUJ\�GHSHQGHQFH�RI� WKH�'1� WRWDO� \LHOG� IURP�QHXWURQ� LQGXFHG� ILVVLRQ� RI� ���8
DQG����1S�
6ROLG�OLQHV���>��@��'DWD�IURP�>��� ��� ��� ��� ��@�DUH�UHODWHG�WR�IDVW�QHXWURQ�VSHFWUD
DQG�WKHLU�DEVFLVHV�DUH�VKRZQ�URXJKO\�

7ABLE� 1�� THE FIRST THREE MOMENTS OF THE NEUTRON SPECTRA
ASSOCIATED WITH 7�S�Q��+H� � NEUTRON SOURCE FOR THE 7L�7� 7$5*(7
7+,&.1(66�����J�FP�

)LVVLRQ�FKDPEHU 6DPSOH
3URWRQ
HQHUJ\�
0H9

$YHUDJH
QHXWURQ
HQHUJ\�
0H9

1HXWURQ
HQHUJ\
VSUHDG�
0H9

VNHZQHVV $YHUDJH
QHXWURQ
HQHUJ\�
0H9

1HXWURQ
HQHUJ\
VSUHDG�
0H9

VNHZQHVV

����� �����D� ����� ������ ����� ����� ������
�����E� ����� ������ ����� ����� ������

����� ����� ����� ������ ����� ����� ������
����� ����� ������ ����� ����� ������

����� ����� ����� ������ ����� ����� ������
����� ����� ������ ����� ����� ������

����� ����� ����� ������ ����� ����� ������
����� ����� ������ ����� ����� ������

D� TKH�ILVW�URZ�FRQWDLQV�WKH�UHVXOWV�RI�FDOFXODWLRQV�LQFOXGLQJ�DOO�WKH�QHXWURQ�WUDQVSRUW�HIIHFWV.
E� TKH�VHFRQG�URZ�LV�UHODWHG�WR�WKH�FDOFXODWLRQV�WDNLQJ�LQWR�DFFRXQW�RI�WKH�NLQHPDWLFV�RI�WKH

QHXWURQ�SURGXFWLRQ�UHDFWLRQ�DQG�WDUJHW�WKLFNQHVV�RQO\�
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