
9DOLGDWLRQ RI -(1'/���� E\ &ULWLFDOLW\ %HQFKPDUN 7HVWLQJ

+LGHNL 7$.$12� 7VXQHR 1$.$*$:$ DQG .XQLR .$1(.2

-DSDQ $WRPLF (QHUJ\ 5HVHDUFK ,QVWLWXWH�

7RNDL�PXUD� 1DND�JXQ� ,EDUDNL�NHQ� ������� -DSDQ

7DNDQR#FHQV�WRDNL�MDHUL�JR�MS� QDNDJDZD#QGF�WRNDL�MDHUL�JR�MS� NDQHNRNX#FDQ�EHNNRDPH�QH�MS

,Q WKH WKHUPDO XUDQLXP FRUH� WKH NHII�YDOXHV RI 67$&<� 75$&< DQG -55�� RYHUHVWLPDWHG ZLWK

-(1'/���� ZHUH LPSURYHG VLJQLILFDQWO\ E\ GHFUHDVLQJ RI DERXW ��� � ZLWK -(1'/����� 7KLV LV GXH WR

PRGLILFDWLRQ RI WKH ILVVLRQ VSHFWUXP DQG WKHUPDO ILVVLRQ FURVV VHFWLRQ RI
���
8 IURP -(1'/���� WR

-(1'/���� GDWD� )RU WKH XUDQLXP IDVW FRUHV� WKH GLVFUHSDQFLHV RI NHII YDOXHV EHWZHHQ -(1'/���� DQG

��� ZHUH YHU\ VPDOO� ,Q WKH WKHUPDO 3X FRUHV RI 7&$� WKH NHII�YDOXHV FDOFXODWHG ZLWK -(1'/���� ZHUH

LQ JRRG DJUHHPHQW ZLWK WKH H[SHULPHQWDO YDOXHV� )RU 3X IXHO FRUHV RI =335�� DQG )&$�;9,,� WKH NHII

YDOXHV FDOFXODWHG ZLWK -(1'/���� EHFDPH ODUJHU ��� � WKDQ WKRVH IRU -(1'/����� ,Q VPDOO IDVW FRUHV

ZLWK 8���� IXHO� WKH NHII�YDOXHV RYHUHVWLPDWHG ZLWK -(1'/���� ZHUH LPSURYHG FRQVLGHUDEO\ ZLWK

-(1'/����� GXH WR UHHYDOXDWLRQ RI 8���� ILVVLRQ FURVV VHFWLRQV LQ WKH KLJK HQHUJ\ UHJLRQ�

�� ,1752'8&7,21

,Q RUGHU WR DFFXUDWHO\ DVVHVV QHXWURQLF EHKDYLRU RI YDULRXV W\SHV RI UHDFWRUV� LW LV QHFHVVDU\ WR

YDOLGDWH ERWK FDOFXODWLRQ PHWKRGV DQG QXFOHDU GDWD E\ DQDO\]LQJ LQWHJUDO H[SHULPHQWDO GDWD� 2Q WKH

QXFOHDU GDWD GHYHORSPHQW� WKH XSGDWHG YHUVLRQ RI -(1'/�� QXFOHDU GDWD OLEUDU\� -(1'/����� KDV EHHQ

WHQWDWLYHO\ UHOHDVHG WR WHVW WKH YDOLGDWLRQ LQ HDUO\ �����

,Q IDVW UHDFWRU EHQFKPDUN FDOFXODWLRQV� WKH VHOHFWHG FRUHV DUH /0)%5 PRFN�XS FRUHV =335��

DQG )&$�;9,,��� DQG VPDOO IDVW UHDFWRU FRUHV VXFK DV -(=(%(/� *2',9$ DQG )/$7723 ZLWK KDUG

QHXWURQ VSHFWUXP� )RU WKHUPDO UHDFWRUV� WKH -55��� 75; DQG 7&$ FRUHV ZLWK ZDWHU PRGHUDWHG ODWWLFH

RI 8 RU 3X IXHO� DQG IXUWKHUPRUH WKH 67$&< DQG 75$&< ZLWK XUDQ\O QLWUDWH VROXWLRQ ZHUH VHOHFWHG�

$OO WKH EHQFKPDUN FDOFXODWLRQV ZHUH SHUIRUPHG ZLWK WKH FRQWLQXRXV HQHUJ\ 0RQWH &DUOR FRGH

093 WR UHGXFH WKH XQFHUWDLQWLHV RI FRUH JHRPHWULFDO PRGHOLQJ DQG GDWD SURFHVVLQJ IRU PXOWLJURXS

FURVV VHFWLRQV SURGXFWLRQ�

7KH REMHFWLYH RI WKLV EHQFKPDUN FDOFXODWLRQV LV YDOLGDWLRQ RI -(1'/���� UHOHDVHG WHQWDWLYHO\ WR



DVVHVV QHXWURQLF EHKDYLRU RI YDULRXV W\SHV RI UHDFWRUV� WR YDOLGDWH ERWK FDOFXODWLRQ PHWKRGV DQG

QXFOHDU GDWD E\ DQDO\]LQJ LQWHJUDO H[SHULPHQWDO GDWD� :H FRQILUPHG WKH -(1'/���� VKRZV WKH EHVW

UHVXOWV EDVHG RQ WKH FRPSDUDWLYH VWXGLHV ZLWK WKH RWKHU QXFOHDU GDWD� -(1'/����� (1')�%�9, DQG

-()�����

�� %(1&+0$5. &25(6 $1' ,76 &+$5$&7(5,67,&6

7KHUPDO QHXWURQ FRUHV� )RU WKH WKHUPDO UHDFWRUV� -55��� 7&$ DQG 75; DV WKH ZDWHU PRGHUDWHG

ODWWLFH FRUHV RI 8 RU 3X IXHO� DQG 67$&< DQG 75$&< DV WKH FULWLFDO FRUHV ZLWK XUDQ\O QLWUDWH VROXWLRQ

ZHUH VHOHFWHG� ,Q WKH XUDQLXP IXHOHG FRUHV� 7&$����8� ����8� ����8� ����8 DUH ORZ�HQULFKHG 82�

ODWWLFH� DQG 75;�� DQG � DUH XUDQLXP�PHWDO KH[DJRQDO ODWWLFH� $QG 67$&<� 75$&< DQG -55�� DUH

KLJK�HQULFKHG UHVHDUFK UHDFWRUV ZLWK �� DQG ���(8� )RU WKHVH KLJK�HQULFKHG FRUHV� -(1'/����

RYHUSUHGLFWHG VLJQLILFDQWO\ WKH NHII�YDOXHV� $V WKH SOXWRQLXP IXHOHG FRUHV� 7&$����3X� ����3X�

����3X DQG ����3X DUH 3X2� ODWWLFH ZLWK ORZ 3X FRQWHQWV� 8 HQULFKPHQW DQG 3X FRQWHQW LQ WKH WKHUPDO

FRUHV DUH DV IROORZV� 7&$�82� LV ����(8� 75;�8 ����(8� -55�� ���(8� 67$&< DQG 75$&<

WKH XUDQ\O VROXWLRQ RI ���(8� DQG 7&$�02; ��3X FRQWHQW�

)DVW QHXWURQ FRUHV� )RU WKH IDVW UHDFWRUV� ZH VHOHFWHG -(=(%(/� *2',9$� )/$7723 DQG %,*7(1

RI VPDOO DQG YHU\ KDUG QHXWURQ VSHFWUXP FRUHV ZLWK 8����� 3X DQG 8����� DQG =335��� =335���$

DQG )&$�;9,,�� RI ODUJH )%5 PRFN�XS FRUHV� 7DEOH � VKRZV WKH JHRPHWULFDO VL]HV IRU WKH VPDOO FRUHV�

,Q WKH 8���� FRUHV� *2',9$ LV WKH EDUH VSKHUH RI KLJKO\ HQULFKHG 8� )/$7723��� WKH EDUH VSKHUH RI

KLJKO\ HQULFKHG 8 ZLWK 8�UHIOHFWRU DQG %,*7(1 WKH F\OLQGHU RI ���(8 ZLWK 8�UHIOHFWRU� ,Q WKH

8���� FRUHV� -(=(%(/��� LV WKH EDUH VSKHUH RI ��� HQULFKHG 8���� IXHO DQG )/$7723��� WKH EDUH

VSKHUH RI 8���� IXHO ZLWK 8�UHIOHFWRU� ,Q WKH 3X FRUHV� -(=(%(/ LV WKH EDUH VSKHUH RI 3X IXHO�

-(=(%(/�3X WKH EDUH VSKHUH RI 3X IXHO ZLWK ���3X����� )/$7723�3X WKH EDUH VSKHUH RI 3X IXHO

ZLWK 8�UHIOHFWRU DQG 7+25 WKH EDUH VSKHUH RI 3X IXHO ZLWK 7K�UHIOHFWRU� $V ODUJH VL]H /0)%5 FRUHV�

=335�� LV WKH UHIHUHQFH FRUH RI 02;�)%5 LQ -83,7(5 SURJUDP� =335���$ WKH UDGLDO KHWHURJHQHRXV

FRUH DQG )&$�;9,,�� WKH 02;�)%5 PRFNXS FRUH ZLWK D KLJKO\�HQULFKHG XUDQLXP GULYHU UHJLRQ�

7DEOH� *HRPHWULFDO VL]HV RI VPDOO IDVW UHDFWRUV

&RUH VSKHUH UDGLXV�FP� UHIOHFWRU WKLFQHVV�FP�

*2',9$ �����

)/$7723��� ����� �����

-(=(%(/ �����

-(=(%(/�3X �����

)/$7723�3X ����� �����

-(=(%(/��� �����

)/$7723��� ����� �����

7+25 VSKHUH�U ������ F\OLQGHU�UDGLXV������� +HLJKW������

%,*�� F\OLQGHU UDGLXV� ������ +HLJKW� ������



�� %(1&+0$5. &$/&8/$7,21

,Q WKLV FDOFXODWLRQ� WKH FRQWLQXRXV HQHUJ\ 0RQWH &DUOR FRGH� 093>�@ LV XVHG IURP WKH SRLQW RI

YLHZ WR UHGXFH WKH XQFHUWDLQWLHV RI FRUH JHRPHWULFDO PRGHOLQJ DQG GDWD SURFHVVLQJ IRU PXOWLJURXS

FURVV VHFWLRQV SURGXFWLRQ� DQG DV WKH FDOFXODWLRQ WLPH LV WKH VKRUWHVW� $OO WKH EHQFKPDUN FRUHV DUH

FDOFXODWHG ZLWK 093 OLEUDU\ JHQHUDWHG EDVHG RQ -(1'/�����

7KH FDOFXODWLRQ FRQGLWLRQV DUH DV IROORZV� 6WDWLVWLFDO HUURU RI NHII LV ������ 7KH FDOFXODWLRQ &38

WLPH LV �� K IRU 7&$� ���K IRU VPDOO IDVW FRUHV DQG ��K IRU ODUJH )%5V� UHVSHFWLYHO\� +LVWRU\ 1R� SHU

RQH EDWFK LV ������� ,QLWLDO EDWFK 1R� LV �������� 7KH KLJKHVW HQHUJ\ LV �� 0H9� 7KH ORZHVW HQHUJ\ LV

��
��
H9� 7KHUPDO FXW HQHUJ\ LV EHORZ ��� H9� DQG 6�α�β� RI (1')�%�,,, GDWD LV XVHG� )XUWKHUPRUH� WKH

XQUHVROYHG UHVRQDQFH UHJLRQ LV WUHDWHG E\ WKH SUREDELOLW\ WDEOH PHWKRG�

:H VWXGLHG WKDW WKH GLIIHUHQFH EHWZHHQ NHII�YDOXHV FDOFXODWHG ZLWK 093 DQG 0&13�% XVLQJ

-(1'/���� GDWD� 7KH SUHOLPLQDU\ UHVXOWV RI WKH UDWLRV RI 093 WR 0&13�% IRU WKH NHII�YDOXHV DUH DV

IROORZV� ������ IRU WKH FHOO FDOFXODWLRQ RI 82� SLQ� ������� IRU 67$&<� ������ ± ������ IRU

7&$�82�� ������ ± ������� IRU 7&$�3X2�� ����� IRU *2',9$ DQG ������� IRU -(=(%(/� 7KDW LV�

WKH UHVXOWV RI 093 EHFRPH ODUJHU ��� ± ��� � IRU 8�FRUHV DQG VPDOOHU ��� � IRU VPDOO IDVW QHXWURQ 3X

FRUH� $V WKLV FDXVHV� ZH FDQ FRQVLGHU WKH GLIIHUHQFHV EHWZHHQ ERWK FRGHV IRU XQUHVROYHG UHVRQDQFH 37

PHWKRG� 6�α�β)� SRLQWZLVH FURVV VHFWLRQ SURGXFWLRQ HUURU� ILVVLRQ VSHFWUXP DQG LQHODVWLF VFDWWHULQJ

FURVV VHFWLRQV�

�� 5(68/76 $1' ',6&866,216

7KH FDOFXODWHG UHVXOWV DUH VKRZQ LQ 7DEOHV �� �� � DQG �� ,Q WKHVH WDEOHV� WKH UHVXOWV FDOFXODWHG

ZLWK -(1'/���� DUH FRPSDUHG ZLWK WKRVH FDOFXODWHG ZLWK -(1'/����� (1')�%�9,�� DQG -()����� :H

7DEOH � &RPSDULVRQ RI WKH &�(�NHII��YDOXHV IRU 8�IXHO WKHUPDO FRUHV

&RUH -(1'/���� -(1'/���� (1')�%�9,�� -()����
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67$&<
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������ ZLWKRXW

8���� �����

FDQ VHH WKDW WKH NHII�YDOXHV RI 67$&<� 75$&<>�@ DQG -55�� LQ WKH KLJKO\ HQULFKHG 8 IXHO FRUHV

RYHUHVWLPDWHG ZLWK -(1'/���� DUH LPSURYHG VLJQLILFDQWO\ E\ GHFUHDVLQJ RI DERXW ��� � ZLWK



-(1'/����� 7KLV LV GXH WR PRGLILFDWLRQ RI WKH ILVVLRQ VSHFWUXP DQG WKHUPDO ILVVLRQ FURVV VHFWLRQV IURP

-(1'/���� WR -(1'/���� GDWD� 7KH NHII�YDOXHV RI 75; FRUHV DUH XQGHUHVWLPDWHG E\ DOO WKH QXFOHDU

GDWD OLEUDULHV� HVSHFLDOO\ (1')�%�9,��� 7KH NHII�YDOXHV IRU 3X2� IXHO FRUHV RI 7&$ FDOFXODWHG ZLWK

DOO WKH QXFOHDU GDWD OLEUDULHV DUH LQ YHU\ JRRG DJUHHPHQW ZLWK WKH H[SHULPHQWV�

7DEOH � &RPSDULVRQ RI WKH &�(�YDOXHV �NHII� IRU 3X�IXHO WKHUPDO FRUHV

&RUH -(1'/���� -(1'/���� (1')�%�9,�� -()����

7&$���3X

7&$���3X

7&$���3X

7&$���3X

������
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7DEOH � &RPSDULVRQ RI WKH &�(�NHII��YDOXHV FDOFXODWHG IRU VPDOO FRUHV

&RUHV -(1'/���� -(1'/���� (1')�%�9,�� -()����

8���� IXHO

*2',9$

)/$7723���

%,*7(1

������

������

������

������

������

������

������

������

������

������

������

������

3X IXHO

-(=(%(/

-(=(%(/�3X

)/$7723�3X
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7DEOH � &RPSDULVRQ RI WKH NHII DQG &�(�YDOXHV IRU WKH =335�� DQG )&$�;9,,�� FRUHV� 7KH

H[SHULPHQWDO NHII�YDOXHV DUH ������� IRU =335�� DQG ������ IRU )&$�;9,,��� UHVSHFWLYHO\�

1XFOHDU GDWD
.HII

=335�� )&$�;9,,��

&�(�YDOXH

=335�� )&$�;9,,��

-(1'/����

-(1'/����

(1')�%�9,��

-()����
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7KH NHII�YDOXHV FDOFXODWHG IRU WKH IDVW QHXWURQ FRUHV DUH VKRZQ LQ 7DEOHV � DQG �� ,Q WKH 8����

IXHO FRUHV� WKH NHII�YDOXHV IRU -(1'/���� DQG ��� VKRZ YHU\ JRRG DJUHHPHQW ZLWK WKH H[SHULPHQWV�

)RU =335�� RI ODUJH 3X )%5 PRFN XS FRUH� -(1'/���� LPSURYHV E\ ��� � WKH NHII�YDOXH

XQGHUHVWLPDWHG ZLWK -(1'/����� 7KH FDXVHV DUH LQYHVWLJDWHG E\ D VHQVLWLYLW\ DQDO\VLV ZLWK FKDQJLQJ

WKH QXFOLGHV IURP -(1'/���� WR -(1'/���� DV VKRZQ LQ )LJ� �� )URP WKLV ILJXUH� WKH PRVW LPSRUWDQW

HIIHFW RQ NHII LV GXH WR ,URQ RI ZKLFK WRWDO FURVV VHFWLRQV EHFRPH ODUJH DW WKH 0H9 WR ��� NH9 UHJLRQ

LQ -(1'/����� FRPSDULQJ ZLWK -(1'/���� GDWD GHVFULEHG LQ WKH SUHYLRXV SDSHU E\ 1DNDJDZD DQG

6KLEDWD� )RU WKH 8���� FRUH� -(1'/���� VKRZV WKH EHVW HVWLPDWLRQ IRU NHII�YDOXHV LQ DOO WKH OLEUDULHV�

�� &21&/8',1* 5(0$5.6

7KHUPDO QHXWURQ VSHFWUXP FRUH

8����IXHO� WKH NHII�YDOXHV RI 67$&<� 75$&< DQG -55�� RYHUHVWLPDWHG ZLWK -(1'/���� ZHUH

LPSURYHG VLJQLILFDQWO\ E\ GHFUHDVLQJ RI DERXW ��� � ZLWK -(1'/����� 7KLV LV GXH WR PRGLILFDWLRQ RI

WKH ILVVLRQ VSHFWUXP DQG WKHUPDO ILVVLRQ FURVV VHFWLRQV IURP -(1'/���� WR -(1'/���� GDWD� ,Q 7&$�

WKH NHII�YDOXHV FDOFXODWHG IURP -(1'/���� ZHUH LQ JRRG DJUHHPHQW ZLWK WKH H[SHULPHQWV�

3X�)XHO� WKH NHII�YDOXHV RI 7&$ FDOFXODWHG IURP -(1'/���� ZHUH LQ JRRG DJUHHPHQW ZLWK WKH

H[SHULPHQWDO YDOXHV�

)DVW QHXWURQ VSHFWUXP FRUHV

8����IXHO� WKH NHII�YDOXHV IRU -(1'/���� ZHUH LQ JRRG DJUHHPHQW ZLWK WKH H[SHULPHQWDO YDOXHV DQG

WKH GLVFUHSDQFLHV EHWZHHQ -(1'/���� DQG ��� ZHUH YHU\ VPDOO�

3X�IXHO� LQ =335�� DQG )&$�;9,,��� WKH NHII YDOXHV FDOFXODWHG ZLWK -(1'/���� EHFDPH ODUJHU ��� �

WKDQ WKRVH IRU -(1'/�����

8����IXHO� WKH NHII�YDOXHV RYHUHVWLPDWHG ZLWK -(1'/���� ZHUH LPSURYHG FRQVLGHUDEO\ ZLWK

-(1'/����� GXH WR UHHYDOXDWLRQ RI 8���� ILVVLRQ FURVV VHFWLRQV LQ WKH KLJK HQHUJ\ UHJLRQ�

&RPSDULVRQ RI WKH UHVXOWV IRU -(1'/���� ZLWK WKRVH IRU (1')�%�9,��

)RU WKHUPDO DQG IDVW FRUHV� DQG 8����� 3X DQG 8���� IXHO FRUHV� WKH NHII�YDOXHV IRU -(1'/����

VKRZHG EHWWHU DJUHHPHQW ZLWK WKH H[SHULPHQWV WKDQ WKRVH IRU (1')�%�9,�� DV VKRZQ LQ )LJ� ��

)XWXUH ZRUNV� 5HPDLQHG %HQFKPDUN FDOFXODWLRQV DUH DV IROORZV�

5HDFWLRQ UDWH UDWLRV DQG GLVWULEXWLRQV� 5HDFWLYLWLHV IRU YRLG� FRQWURO URG DQG 'RSSOHU IRU )%5V�

(VWLPDWLRQ RI EXLOGXS QXFOLGHV E\ EXUQXS FDOFXODWLRQ�

&RPSDUDWLYH VWXG\ EHWZHHQ WKH GLVFUHSDQFLHV RI NHII�YDOXHV FDOFXODWHG ZLWK 093 DQG 0&13�

3URGXFWLRQ RI WKH PXOWLJURXS FURVV VHFWLRQ OLEUDULHV IRU 65$&�-��� DQG -)6��-���
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FCA-17

ZPPR-9

5()(5(1&(6

��� 0RUL 7� HW DO�� -� 1XFO� 6FL� 7HFKQRO�� ��� ��� �������

��� 0L\RVKL <�� .DQHNR .�� 1DNDPXUD HW DO�� SULYDWH FRPPXQLFDWLRQ�

)LJ� � 6HQVLWLYLW\ DQDO\VLV RI QXFOHDU GDWD RI QXFOLGHV FKDQJHG IURP -(1'/���� WR ��� LQ

ODUJH )%5 PRFNXS FRUHV RI =335�� DQG )&$�;9,,��

)LJ� � &RPSDULVRQ RI WKH �&�(��� YDOXHV IRU WKHUPDO FRUHV FDOFXODWHG ZLWK -(1'/���� DQG

(1')�%�9,��

k-eff of JENDL-3.3 and ENDF/B-VI
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