
1HXWURQ &DSWXUH &URVV 6HFWLRQV LQ WKH NH9 5HJLRQ

0DVD\XNL ,*$6+,5$ DQG 7RVKLUR 2+6$.,

5HVHDUFK /DERUDWRU\ IRU 1XFOHDU 5HDFWRUV� 7RN\R ,QVWLWXWH RI 7HFKQRORJ\

������ 2�RND\DPD� 0HJXUR�NX� 7RN\R ��������� -DSDQ

H�PDLO� LJD#QU�WLWHFK�DF�MS

1HXWURQ FDSWXUH FURVV VHFWLRQV LQ WKH NH9 UHJLRQ DUH UHYLHZHG RQ WKH EDVLV RI RXU PHDVXUHPHQWV IRU DERXW

�� QXFOLGHV IURP �+ WR ���1S� ,W LV VKRZQ WKDW WKH S�ZDYH QHXWURQ SOD\V D YHU\ LPSRUWDQW UROH LQ WKH QRQ�UHVRQDQW

FDSWXUH UHDFWLRQ E\ VRPH OLJKW QXFOLGHV DW VWHOODU HQHUJ\ DQG WKDW FDUHIXO PHDVXUHPHQWV IRU PHGLXP DQG KHDY\

QXFOLGHV DJUHH ZLWK HDFK RWKHU DW OHDVW ZLWKLQ XQFHUWDLQWLHV RI DERXW �� ��

�� ,QWURGXFWLRQ

1HXWURQ FDSWXUH UHDFWLRQ SOD\V DQ LPSRUWDQW UROH LQ WKH QXFOHRV\QWKHVLV LQ WKH SULPRUGLDO XQLYHUV �� WR

����� V DIWHU WKH ELJ EDQJ DQG LQ VWDUV� $ WKHUPRQXFOHDU UHDFWLRQ UDWH LV JLYHQ E\ D 0D[ZHOOLDQ DYHUDJH DV D

IXQFWLRQ RI WHPSHUDWXUH 7 DV IROORZV�
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ZKHUH Y DQG ( DUH WKH YHORFLW\ DQG HQHUJ\ RI QHXWURQ LQ WKH FHQWHU RI PDVV V\VWHP� UHVSHFWLYHO\� 1$ LV WKH

$YRJDGUR
V QXPEHU�σWKH FDSWXUH FURVV VHFWLRQ� N WKH %ROW]PDQQ
V FRQVWDQW� DQGμWKH UHGXFHG PDVV� ,Q FDVH RI

QRQ�UHVRQDQW QHXWURQ FDSWXUH� WKH UHDFWLRQ UDWH LV XVXDOO\ H[SDQGHG DV IROORZV�
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ZKHUH WKH ILUVW DQG WKLUG WHUPV LQ WKH ULJKW�KDQG VLGH PHDQ WKH V� DQG S�ZDYH QHXWURQ FDSWXUH FRQWULEXWLRQV�

UHVSHFWLYHO\� ,Q FDVH RI JHQHUDO FDSWXUH� PRUH FRPSOLFDWHG H[SDQVLRQV DUH XVHG� 7KHQ� WKH H[SDQVLRQ FRHIILFLHQWV

DUH HYDOXDWHG IURP QXFOHDU GDWDEDVHV VXFK DV -(1'/���� IRU VWXGLHV RQ QXFOHRV\QWKHVLV� 6LQFH WKH YDOXH RI N7 LV

DURXQG �� NH9� DFFXUDWH FDSWXUH FURVV VHFWLRQV LQ WKH NH9 UHJLRQ DUH QHFHVVDU\ IRU WKH GHWHUPLQDWLRQ RI

FRHIILFLHQWV�

7KLV SDSHU UHYLHZV WKH SUHVHQW VWDWXV RI NH9�QHXWURQ FDSWXUH FURVV VHFWLRQV RQ WKH EDVLV RI RXU

PHDVXUHPHQWV IRU DERXW �� QXFOLGHV IURP �+ WR ���1S�



�� *HQHUDO YLHZ RI ���NH9 0D[ZHOOLDQ DYHUDJHG FURVV VHFWLRQV

0D[ZHOOLDQ �N7 �� NH9� DYHUDJHG FDSWXUH FURVV VHFWLRQV DUH VKRZQ LQ )LJ� � ZKLFK DUH FDOFXODWHG IURP

WKH GDWD RI -(1'/����>�@� 7KH FURVV VHFWLRQV UDQJH IURP ���� WR ��� PE H[FHSW IRU WKH H[WUHPHO\ VPDOO YDOXH RI

��1� 7KH JHQHUDO FKDUDFWHULVWLFV DUH WKH LQFUHDVH ZLWK PDVV QXPEHU�$� DQG WKH VDWXUDWLRQ DURXQG $  ����

0RUHRYHU� WKH GLSV DURXQG $  ��� ���� DQG ��� DUH FOHDUO\ REVHUYHG ZKLFK FRUUHVSRQG WR WKH QHXWURQ PDJLF

QXPEHUV RI ��� ��� DQG ���� 7KH FURVV VHFWLRQ RI ��1 VKRXOG EH WZR RU WKUHH RUGHUV DV ODUJH DV WKH H[WUHPHO\

VPDOO YDOXH E\ UHDVRQ RI S�ZDYH QHXWURQ FDSWXUH FRQWULEXWLRQ GHVFULEHG EHORZ�

�� &URVV VHFWLRQV RI OLJKW QXFOLGHV

$V VHHQ IURP )LJ� �� WKH FDSWXUH FURVV VHFWLRQV RI OLJKW QXFOLGHV�$���� DUH YHU\ VPDOO�� � PE�� VR WKH

PHDVXUHPHQW KDV EHHQ GLIILFXOW ZLWKRXW DQ DFWLYDWLRQ PHWKRG� )RU H[DPSOH� WKH FURVV VHFWLRQ RI ��&� WR ZKLFK DQ

DFWLYDWLRQ PHWKRG LV LQDSSOLFDEOH� ZDV PHDVXUHG DV ���±��� PE>�@ DW �� NH9� EXW WKH FURVV VHFWLRQV RI �/L ZHUH

PHDVXUHG ZLWK HUURUV RI DERXW �� � LQ WKH NH9 UHJLRQ ZLWK DQ DFWLYDWLRQ PHWKRG>�@�

2Q WKH RWKHU KDQG� WKHUPDO QHXWURQ FDSWXUH FURVV VHFWLRQV KDYH EHHQ PHDVXUHG IRU DOPRVW DOO VWDEOH

QXFOLGHV� DQG WKH ��Y ODZ LV ZHOO�NQRZQ IRU WKH V�ZDYH QHXWURQ FDSWXUH FURVV VHFWLRQ� 7KHUHIRUH� WKH FURVV

VHFWLRQV LQ WKH NH9 UHJLRQ RI OLJKW QXFOLGHV VXFK DV ��& DQG ��2 KDYH EHHQ RUGLQDULO\ HYDOXDWHG XVLQJ WKH ��Y ODZ

DQG WKH WKHUPDO QHXWURQ FDSWXUH FURVV VHFWLRQV� 7KH HYDOXDWHG YDOXHV RI ��& DQG ��2 DUH ��� DQG ����μE DW ��

NH9� UHVSHFWLYHO\�

2XU JURXS KDV PHDVXUHG WKH FDSWXUH FURVV VHFWLRQV RI �/L� ��&� DQG ��2 LQ WKH NH9 UHJLRQ>���@� DQG WKH

PHDVXUHG YDOXHV DW �� NH9 DUH ����±���� ����±���� DQG ��±�μE� UHVSHFWLYHO\� 7KH YDOXH RI �/L LV LQ JRRG

DJUHHPHQW ZLWK WKH SUHYLRXV PHDVXUHPHQW>�@ DQG WKH HYDOXDWLRQ� ��μE� IURP WKH ��Y ODZ DQG WKH WKHUPDO

QHXWURQ FDSWXUH FURVV VHFWLRQ� +RZHYHU� RXU UHVXOWV RI ��& DQG ��2 DUH � DQG ��� WLPHV DV ODUJH DV WKH HYDOXDWLRQV�

UHVSHFWLYHO\�

:H KDYH DGRSWHG D SURPSW γ�UD\ GHWHFWLRQ PHWKRG ZLWK DQ DQWL�&RPSWRQ 1D,�7O� VSHFWURPHWHU� DQG

REVHUYHG WKH EUDQFKLQJ UDWLRV RI QHXWURQ FDSWXUH VWDWHV� 7KH REVHUYHG UDWLRV IRU WKH ��& DQG ��2 WDUJHW QXFOHL DUH

VKRZQ LQ )LJV� � DQG �� UHVSHFWLYHO\� WRJHWKHU ZLWK WKH UDWLRV RI WKH WKHUPDO QHXWURQ FDSWXUH VWDWHV� 7KH VWULNLQJ

IHDWXUH RI ��� RU ���NH9 QHXWURQ FDSWXUH LV WKH VWURQJ WUDQVLWLRQV WR WKH V� DQG G�VWDWHV� ZKLFK LPSOLHV WKH

SUHGRPLQDQFH RI S�ZDYH QHXWURQ FDSWXUH EHFDXVH WKH HOHFWULF GLSROH�(�� WUDQVLWLRQ LV SUHGRPLQDQW LQ WKH QRQ�

UHVRQDQW QHXWURQ FDSWXUH� ,Q FDVH RI WKHUPDO QHXWURQ FDSWXUH� WKH VWURQJ (� WUDQVLWLRQV WR WKH S�VWDWHV DUH

REVHUYHG� $V IRU �/L� WKH UDWLRV RI ���NH9 QHXWURQ FDSWXUH VWDWHV DUH WKH VDPH DV WKRVH RI WKHUPDO QHXWURQ FDSWXUH

VWDWHV>����@．

:H KDYH DOVR REWDLQHG WKH SDUWLDO FDSWXUH FURVV VHFWLRQV RI ��&>���@ FRUUHVSRQGLQJ WR WKH EUDQFKLQJ UDWLRV�

DQG WKRVH WR WKH JURXQG DQG ILUVW H[FLWHG VWDWHV RI ��& DUH VKRZQ LQ )LJ� �� 7KH VROLG OLQH VKRZV WKH ��Y ODZ

QRUPDOL]HG WR WKH SDUWLDO FDSWXUH FURVV VHFWLRQ DW WKHUPDO HQHUJ\� 2XU UHVXOWV IRU WKH JURXQG VWDWH EHORZ ��� NH9

DUH ZHOO H[SODLQHG E\ WKH ��Y ODZ� EXW RXU UHVXOWV DW ��� DQG ��� NH9 H[FHHG WKH ��Y ODZ� 7KLV H[FHVV VKRXOG EH

DVFULEHG WR WKH G�ZDYH QHXWURQ FDSWXUH FRQWULEXWLRQ� 7KH GRWWHG OLQH VKRZV D ILWWLQJ RI WKH Y ODZ� ZKLFK LV

H[SHFWHG IRU WKH S�ZDYH QHXWURQ FDSWXUH� WR RXU UHVXOWV IRU WKH ILUVW H[FLWHG VWDWH� 2XU UHVXOWV VWURQJO\ VXSSRUW WKH



Y ODZ� L�H�� WKH S�ZDYH QHXWURQ FDSWXUH�

)LJXUH � VKRZV WKH ERXQG VWDWHV RI UHOHYDQW FRPSRXQG QXFOHL� 7KH VWDWHV DUH FDWHJRUL]HG LQWR WKUHH JURXSV

E\ WKH VSLQ DQG SDULW\ VHOHFWLRQ UXOH� 7KRVH ZLWK D VROLG OLQH FRXOG EH SRSXODWHG E\ WKH (� WUDQVLWLRQ IURP WKH

VWDWHV IRUPHG E\ WKH S�ZDYH QHXWURQ FDSWXUH� WKRVH ZLWK D GDVKHG OLQH FRXOG EH SRSXODWHG E\ WKH (� WUDQVLWLRQ

IURP WKH VWDWHV IRUPHG E\ WKH V�ZDYH QHXWURQ FDSWXUH� DQG WKH RWKHUV DUH LQGLFDWHG E\ GRWWHG OLQHV� 7KH S�ZDYH

QHXWURQ FDSWXUH ZRXOG EHFRPH LPSRUWDQW LQ WKH NH9 UHJLRQ IRU WKH WDUJHW QXFOHL ZKRVH FRPSRXQG QXFOHL KDYH

VROLG OLQH VWDWHV� ZKLOH WKH V�ZDYH QHXWURQ FDSWXUH ZRXOG EH VWLOO SUHGRPLQDQW IRU WKH WDUJHW QXFOHL ZKRVH

FRPSRXQG QXFOHL KDYH QR VROLG�OLQH VWDWHV� $V IRU ��1� LWV FRPSRXQG QXFOHXV KDV RQO\ VROLG OLQH VWDWHV� VR D ODUJH

FRQWULEXWLRQ RI S�ZDYH QHXWURQ FDSWXUH ZRXOG EH H[SHFWHG IRU WKH NH9�QHXWURQ FDSWXUH� ,Q IDFW� LWV FDSWXUH FURVV

VHFWLRQ FDOFXODWHG RQ WKH EDVLV RI D GLUHFW QHXWURQ FDSWXUH PRGHO LV DERXW ��μE DW �� NH9>��@� ZKLFK LV DERXW

��� WLPHV DV ODUJH DV WKDW HYDOXDWHG IURP WKH ��Y ODZ DQG WKH WKHUPDO QHXWURQ FDSWXUH FURVV VHFWLRQ�

�� &URVV VHFWLRQV RI PHGLXP DQG KHDY\ QXFOLGHV

7KH FDSWXUH FURVV VHFWLRQV RI PHGLXP DQG KHDY\ QXFOLGHV DUH FRQVLGHUDEO\ ODUJH FRPSDUHG ZLWK WKRVH RI

OLJKW QXFOLGHV� DV VKRZQ LQ )LJ� �� H[FHSW IRU VRPH QXFOLGHV QHDU WKH QHXWURQ PDJLF QXPEHUV� 7KHUHIRUH� LI DQ

HQRXJK DPRXQW RI FKHPLFDOO\ DQG LVRWRSLFDOO\ SXULILHG VDPSOH LV SUHSDUHG� WKH FDSWXUH FURVV VHFWLRQV RI WKRVH

QXFOLGHV FRXOG EH PHDVXUHG ZLWK D SURPSW γ�UD\ GHWHFWLRQ PHWKRG ZKLFK LV DSSOLFDEOH WR DOO WDUJHW QXFOLGHV�

7KH FDSWXUH FURVV VHFWLRQV RI ���6P� ���'\� DQG ���1S DUH VKRZQ LQ )LJV� � � �� 7KH ODUJH YDOXHV RI .RQRQRY

HW DO�>��@ DQG 0L]XPRWR>��@ LQ )LJ� � FRXOG EH DVFULEHG WR WKH LQIOXHQFH RI WKH ZDWHU LQ WKHLU R[LGH SRZGHU

VDPSOHV>��@� 2XU UHVXOWV RI ���6P DUH LQ JRRG DJUHHPHQW ZLWK WKH PHDVXUHPHQWV E\ 0DFNOLQ>��@ DQG :LVVKDN HW

DO�>��@ DQG WKH HYDOXDWLRQV RI (1')�%�9,>��@� $V IRU ���'\� DOO WKH PHDVXUHPHQWV>�����@ ZHOO DJUHH ZLWK HDFK

RWKHU� 7KH HYDOXDWLRQ RI ���'\ IRU (1')�% ZDV GRQH PDQ\ \HDUV DJR>��@� DQG GRHV QRW UHSURGXFH WKH

PHDVXUHPHQWV� 7KHUH KDV H[LVWHG D ODUJH GLVFUHSDQF\ EHWZHHQ WKH PHDVXUHPHQWV IRU ���1S E\ +RIIPDQ HW DO�>��@

DQG :HVWRQ DQG 7RGG>��@� DV VKRZQ LQ )LJ� �� 2XU UHVXOWV FRPSOHWHO\ VXSSRUW WKRVH RI :HVWRQ DQG 7RGG�

,QGLYLGXDO ODERUDWRULHV KDYH DGRSWHG WKHLU RZQ H[SHULPHQWDO WHFKQLTXH� 7KHUHIRUH� WKH JRRG DJUHHPHQW VHHQ LQ

)LJV� �� � LPSOLHV WKH UHOLDELOLW\ RI WKHLU GDWD� DOWKRXJK WKHUH VWLOO H[LVWV GHWDLOHG GLVFXVVLRQ DERXW DFFXUDF\ ZLWKLQ

� � �� ��

�� &RQFOXVLRQ

7KH ���NH9 0D[ZHOOLDQ DYHUDJHG FDSWXUH FURVV VHFWLRQV UDQJH IURP ���� WR ��� PE� 7KH FURVV VHFWLRQV

LQFUHDVH ZLWK PDVV QXPEHU�$�� DQG DUH VDWXUDWHG DURXQG $  ���� 7KHUH H[LVW WKH GLSV DURXQG $  ��� ���� DQG

��� ZKLFK FRUUHVSRQG WR WKH QHXWURQ PDJLF QXPEHUV RI ��� ��� DQG ����

7KH S�ZDYH QHXWURQ SOD\V D YHU\ LPSRUWDQW UROH LQ WKH QRQ�UHVRQDQW FDSWXUH UHDFWLRQ E\ VRPH OLJKW

QXFOLGHV DW VWHOODU HQHUJ\� &DUHIXO PHDVXUHPHQWV IRU PHGLXP DQG KHDY\ QXFOLGHV DJUHH ZLWK HDFK RWKHU DW OHDVW

ZLWKLQ XQFHUWDLQWLHV RI DERXW �� ��



5HIHUHQFHV

>�@ 1DNDJDZD 7� HW DO�� -� 1XFO� 6FL� 7HFKQRO�� ��� ���� �������
>�@ 0DFNOLQ 5� /� HW DO�� 3K\V� 5HY�� ���� ���� �������
>�@ ,PKRI (� /� HW DO�� 3K\V� 5HY�� ���� ���� �������
>�@ 1DJDL <� HW DO�� $S-�� ���� ��� �������
>�@ 1DJDL <� HW DO�� $S-�� ���� ��� �������
>�@ 2KVDNL HW DO�� $S-�� ���� ��� �������
>�@ .LNXFKL 7� HW DO�� 3K\V� 5HY� &� ��� ���� �������
>�@ ,JDVKLUD 0� HW DO�� 1XFO� 3K\V�� $���� ��� �������
>�@ ,JDVKLUD 0� HW DO�� $S-�� ���� /�� �������
>��@ 1DJDL <� HW DO�� XQSXEOLVKHG�
>��@ 5DXVFKHU 7� HW DO�� $S-�� ���� ��� �������
>��@ .RQRQRY 9� 1� HW DO�� 6RY� -� 1XFO� 3K\V�� ��� ��� �������
>��@ 0L]XPRWR 0�� 1XFO� 3K\V�� $���� �� �������
>��@ 0L]XPRWR 0� DQG 6XJLPRWR 0�� 1XFO� ,QVWU� DQG 0HWK�� $���� ��� �������
>��@ 0DFNOLQ 5� /�� 5HSRUWV (;)25 ��������� �������
>��@ :LVVKDN .� HW DO�� 3K\V� 5HY� &� ��� ���� �������
>��@ (1')�%�9, GDWD ILOH IRU ���6P �0$7 ������ HYDOXDWHG E\ 5�4�:ULJKW� 5�(�6FKHQWHU� )�0�0DQQ

DQG $�3ULQFH �������
>��@ %HHU +� HW DO�� 5HSRUWV (;)25 ��������� �������
>��@ %RNKRYNR 0� 9� HW DO�� <DGHUQLH &RQVW�� �� � �������
>��@ 9RVV )� HW DO�� 5HSRUW )=.$������ )RUVFKXQJV]HQWUXP .DUOVUXKH �������
>��@ (1')�%�9, GDWD ILOH IRU ���'\ �0$7 ������ HYDOXDWHG E\ 5� )� 6FKHQWHU DQG )� 6FKPLWWURWK �������
>��@ +RIIPDQ 0� HW DO�� %XOO� $P� 3K\V� 6RF�� ��� ����-(�� �������
>��@ :HVWRQ /� :� DQG 7RGG -� 7�� 1XFO� 6FL� (QJ�� ��� ��� �������

� ��� ���
��

��

��
��

��
��

��
�

��
�

w

w

¼Í¼Å�¼Í¼Å

¼Í¼Å�Æ»»

Æ»»�¼Í¼Å

Æ»»�Æ»»

Å
�
²Ä

¹
´

¤¸ÊÊw¥ÌÄ¹¼É

)LJ��� 0D[ZHOOLDQ �N7 ��NH9� DYHUDJHG QHXWURQ FDSWXUH FURVV VHFWLRQV FDOFXODWHG IURP WKH GDWD RI -(1'/�����



        30keV neutrons         Thermal neutrons

4.98MeV                                       4.95MeV

13%

3.85MeV                 1d 5/2+

3.68MeV                 2p 3/2−

10%                 32%

3.09MeV                 2s 1/2+

                57%                            0.16%

  0MeV                  1p 1/2−

         20%                     67%

13C

             40keV neutrons         Thermal neutrons
4.144+16/17E                                             c.s.

       
3.841MeV                    1f 5/2-

3.055MeV 2p 1/2-

                                           82%

 

0.871MeV                    2s 1/2+

                       76%              18%

  0  MeV                    1d 5/2+

             24%
17O

)LJ��� %UDQFKLQJ UDWLRV RI QHXWURQ FDSWXUH

VWDWHV RI ��&

)LJ��� %UDQFKLQJ UDWLRV RI QHXWRUQ FDSWXUH

VWDWHV RI ��2
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2H
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4He

7Li

8Li

10Be

11B

12B

13C

14C

15C

15N

16N

17O

18O

19O

(20.6MeV)

)LJ��� 3DUWLDO QHXWURQ FDSWXUH FURVV VHFWLRQV

WR WKH JURXQG DQG ILUVW H[FLWHG VWDWHV RI ��&
)LJ��� %RXQG VWDWHV RI UHOHYDQW FRPSRXQG QXFOHL
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)LJ��� 1HXWURQ FDSWXUH FURVV VHFWLRQV RI ���6P )LJ��� 1HXWURQ FDSWXUH FURVV VHFWLRQV RI ���'\
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)LJ��� 1HXWURQ FDSWXUH FURVV VHFWLRQV RI ���1S


