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+� 6DWR 7� .XURVDZD� +� ,ZDVH� 7� 1DNDPXUD

&\FORWURQ DQG 5DGLRLVRWRSH &HQWHU�7RKRNX 8QLYHUVLW\�$RED�$UDPDNL�$REDNX�6HQGDL ���������-DSDQ

H�PDLO�KLVDNL#F\ULF�WRKRNX�DF�MS

1�1DNDR

+LJK (QHUJ\ $FFHOHUDWRU 5HVHDUFK 2UJDQL]DWLRQ� 7VXNXED� ,EDUDNL ��������� -$3$1

<�8ZDPLQR

,QVWLWXWH RI 3K\VLFDO DQG &KHPLFDO 5HVHDUFK� +LURVDZD ���� :DNR� 6DLWDPD� -$3$1

7KH GRXEOH�GLIIHUHQWLDO FURVV VHFWLRQ �'';� RI QHXWURQ SURGXFWLRQ IURP WKLQ &� $O� &X� 3E

WDUJHWV ERPEDUGHG E\ ���0H9�QXFOHRQ & LRQ ZHUH PHDVXUHG XVLQJ WKH 5,.(1 5LQJ &\FORWURQ RI WKH

,QVWLWXWH RI 3K\VLFDO DQG &KHPLFDO 5HVHDUFK� -DSDQ� 7KH QHXWURQ HQHUJ\ VSHFWUD ZHUH REWDLQHG E\

XVLQJ WKH WLPH�RI�IOLJKW PHWKRG FRXSOHG ZLWK WKH Δ(�( FRXQWHU WHOHVFRSH V\VWHP� 7KH Δ( FRXQWHU

RI WKH 1(���$ SODVWLF VFLQWLOODWRU ZDV XVHG WR GLVFULPLQDWH FKDUJHG SDUWLFOHV IURP QRQFKDUJHG

SDUWLFOHV� QHXWURQV DQG SKRWRQV� 7KH ( FRXQWHU RI WKH 1(��� OLTXLG VFLQWLOODWRU ZDV XVHG WR PHDVXUH

WKH QHXWURQ HQHUJ\ VSHFWUD� 7KH H[SHULPHQWDO VSHFWUD ZHUH FRPSDUHG ZLWK WKH FDOFXODWLRQ XVLQJ WKH

+,& DQG WKH 40' FRGHV�

�� ,1752'8&7,21

5HFHQWO\� WKH XVH RI KLJK�HQHUJ\ KHDY\ LRQV KDYH EHHQ LQFUHDVLQJ LQ YDULRXV ILHOGV� 7R GHVLJQ

WKH DFFHOHUDWRU IDFLOLW\� LW LV LPSRUWDQW WR SURWHFW ZRUNHUV IURP UDGLDWLRQ� SDUWLFXODUO\ SHQHWUDWLQJ

QHXWURQV SURGXFHG E\ KLJK HQHUJ\ KHDY\ LRQV� 7KHUH H[LVW D IHZ SXEOLVKHG GDWD RQ WKH

GRXEOH�GLIIHUHQWLDO FURVV VHFWLRQV �'';� RI QHXWURQ SURGXFWLRQ IRU ��� 0H9�QXFOHRQ 1H LRQV RQ &� $O�

&X� 8 WDUJHWV >�@� EXW VWLOO YHU\ SRRU� ,Q WKLV ZRUN ZH SUHVHQW WKH GRXEOH�GLIIHUHQWLDO FURVV VHFWLRQV

�'';� RI QHXWURQ SURGXFWLRQ IURP WKLQ &� $O� &X� 3E WDUJHWV ERPEDUGHG E\ ���0H9�QXFOHRQ & LRQ�

7KHVH UHVXOWV ZLOO EH XVHIXO DV D EHQFKPDUN H[SHULPHQWDO GDWD WR LQYHVWLJDWH WKH DFFXUDF\ RI KLJK

HQHUJ\ SDUWLFOH WUDQVSRUW FDOFXODWLRQ FRGH� +HUH� WKH PHDVXUHG VSHFWUD DUH FRPSDUHG ZLWK WKH

FDOFXODWLRQ XVLQJ WKH WZR KHDY\�LRQ 0RQWH &DUOR FRGHV RI LQWHUQXFOHDU�FDVFDGH DQG HYDSRUDWLRQ PRGHO

�+,&� DQG WKH TXDQWXP PROHFXODU G\QDPLFV PRGHO �40'��



�� (;3(5,0(17

7KH PHDVXUHPHQWV ZHUH FDUULHG RXW DW WKH 5,.(1 5LQJ &\FORWURQ� WKH ,QVWLWXWH RI 3K\VLFDO

DQG &KHPLFDO 5HVHDUFK� $ VFKHPDWLF YLHZ RI WKH H[SHULPHQWDO VHW�XS LV VKRZQ LQ )LJ��� 7KH 1(���

OLTXLG VFLQWLOODWRU �����FP GLDPHWHU E\ ����FP WKLFN�� ZKLFK ZDV GHVLJQHG WR H[SDQG WKH G\QDPLF

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

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

IURQW RI WKH ( FRXQWHU WR GLVFULPLQDWH FKDUJHG SDUWLFOHV IURP QRQFKDUJHG SDUWLFOHV� QHXWURQV DQG

SKRWRQV� 7KH WDUJHW WKLFNQHVVHV DUH �PP RI &� ���PP RI $O� ���PP RI &X� ���PP RI 3E� 7KH

GLUHFWLRQ RI LQFLGHQW EHDP ZDV URWDWHG DURXQG WKH WDUJHW IURP � WR ��� GHJUHHV WKURXJK WKH EHDP

VZLQJHU� IRU PHDVXULQJ WKH HQHUJ\�DQJOH GLVWULEXWLRQ RI QHXWURQV SURGXFHG IURP WKH WDUJHW E\ WKH

WLPH�RI�IOLJKW �72)� PHWKRG KDYLQJ WKH IOLJKW SDWK RI ���FP� ,Q RUGHU WR VKLHOG WKH VSXULRXV VFDWWHUHG

QHXWURQV� WKH QHXWURQV IURP WKH WDUJHW ZHUH LQWURGXFHG WR WKH GHWHFWRU WKURXJK WKH LURQ�FRQFUHWH

FROOLPDWRU RI ���FP WKLFNQHVV� 7KH PHDVXUHPHQWV ZHUH FDUULHG RXW DW �゜���゜���゜���゜���゜DQG

���゜�

)LJ�� 6FKHPDWLF YLHZ RI WKH H[SHULPHQWDO VHW�XS

�� 5(68/76 $1' ',6&866,216

:H REWDLQHG QHXWURQ HQHUJ\ VSHFWUD IRU &�$O�&X� DQG 3E WDUJHWV ERPEDUGHG E\ ���

0H9�QXFOHRQ & LRQ� 7KHVH H[SHULPHQWDO UHVXOWV ZHUH FRPSDUHG ZLWK WKH FDOFXODWLRQ XVLQJ WKH +,& >�@

DQG WKH 40' >�@ FRGHV� )LJV���� VKRZ WKH H[SHULPHQWDO DQG FDOFXODWHG GRXEOH GLIIHUHQWLDO FURVV

VHFWLRQV RI QHXWURQ SURGXFWLRQ IURP &� $O� &X� DQG 3E WDUJHWV� UHVSHFWLYHO\� 1HXWURQ HQHUJ\ VSHFWUD

PHDVXUHG LQ WKH IRUZDUG GLUHFWLRQ KDYH D SHDN QHDU WKH SURMHFWLOH HQHUJ\ SHU QXFOHRQ� 7KLV SHDN LV GXH

WR D NQRFN�RQ SURFHVV LQ ZKLFK D QHXWURQ LV NQRFNHG RXW E\ WKH GLUHFW FROOLVLRQ EHWZHHQ WKH WDUJHW

QXFOHRQ DQG WKH SURMHFWLOH QXFOHRQ� 7KLV SHDN EHFRPHV PRUH SURPLQHQW LQ WKH IRUZDUG GLUHFWLRQ DQG

IRU D OLJKWHU WDUJHW� VLQFH WKH PRPHQWXP WUDQVIHU IURP SURMHFWLOH WR WDUJHW QXFOHL LV KLJKHU IRU OLJKWHU

&RQFUHWH

OF213B

OF324
,URQ

)OLJKW SDWK ���FP

6FDWWHULQJ FKDPEHU
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QXFOHXV WKDQ IRU KHDYLHU QXFOHXV >�@� 7KH KLJK HQHUJ\ HQG RI QHXWURQV LQ WKH IRUZDUG GLUHFWLRQ UHDFKHV

DERXW �������0H9� 7KLV LQIOXHQFHV WKH )HUPL PRWLRQ RI D QXFOHRQ LQ D QXFOHXV� 7KH QHXWURQ VSHFWUD

KDYH DQRWKHU WZR FRPSRQHQWV EDVHG RQ FDVFDGH�SUHHTXLOLEULXP HPLVVLRQ SURFHVV DQG

HYDSRUDWLRQ�HTXLOLEULXP HPLVVLRQ SURFHVV� $W VPDOO DQJOHV� NQRFN�RQ SURFHVV LV GRPLQDQW� DQG DW ODUJH

DQJOHV� HYDSRUDWLRQ SURFHVV LV GRPLQDQW� 7ZR FDOFXODWLRQV RI +,& DQG 40' VKRZ D WHQGHQF\ WR

XQGHUHVWLPDWH WKH KLJK HQHUJ\ QHXWURQ FRPSRQHQWV EH\RQG WKH SHDN DW DOO DQJOHV� 7KH +,&

RYHUHVWLPDWHV WKH SHDN� ZKLOH WKH 40' XQGHUHVWLPDWHV WKH SHDN� $W ODUJH DQJOHV� WKH FDOFXODWHG

VSHFWUD EHFRPH LQ JRRG DJUHHPHQW ZLWK WKH PHDVXUHG VSHFWUD� ,Q JHQHUDO� WKH 40' JLYHV EHWWHU

DJUHHPHQW ZLWK WKH H[SHULPHQWDO UHVXOWV� HVSHFLDOO\ IRU KHDY\ WDUJHW� WKDQ WKH +,&�

�� &21&8/86,216

:H PHDVXUHG GRXEOH�GLIIHUHQWLDO FURVV VHFWLRQV RI QHXWURQ SURGXFWLRQ IURP WKLQ &� $O� &X�

3E WDUJHWV ERPEDUGHG E\ ��� 0H9�X & LRQ� 7KH H[SHULPHQWDO VSHFWUD ZHUH FRPSDUHG ZLWK WKH

FDOFXODWLRQ XVLQJ WKH +,& DQG WKH 40' FRGHV� 7KH FDOFXODWHG VSHFWUD WHQG WR XQGHUHVWLPDWH WKH KLJK

HQHUJ\ QHXWURQ UHJLRQ� $W ODUJH DQJOHV� WKH FDOFXODWHG VSHFWUD� SDUWLFXODUO\ WKH 40'� DUH LQ UDWKHU JRRG

DJUHHPHQW ZLWK WKH PHDVXUHG VSHFWUD� 7KHVH H[SHULPHQWDO UHVXOWV ZLOO EH XVHIXO DV WKH EHQFKPDUN GDWD

IRU LQYHVWLJDWLQJ WKH DFFXUDF\ RI KLJK HQHUJ\ SDUWLFOH WUDQVSRUW FDOFXODWLRQ FRGH�

5HIHUHQFHV

>�@ &HFLO� 5� $� � HW DO� � ,QFOLVLYH QHXWURQ SURGXFWLRQ E\ ��� 0H9�QXFOHRQ QHRQ LRQV RQ FDUERQ�

DOXPLQXP� FRSSHU� DQG XUDQLXP� 3K\V� 5HY� & ��� ���� ������

>�@ %HUWLQL� :� +� � +,&�� � )LUVW $SSURDFK WKH &DOFXODWLRQ RI +HDY\�LRQ 5HDFWLRQV DW

(QHUJ\!��0H9�QXFOHRQ�� 251/�70������

>�@ $LFKHOLQ� -� � 3K\VLFV 5HSRUW ���� ��� �������

>�@ .XURVDZD 7� DQG 1DNDPXUD 6� �HW DO� � 6SHFWUDO PHDVXUHPHQWV RI QHXWURQV� SURWRQV� GHXWHURQV DQG

WULWRQV SURGXFHG E\ ��� 0H9�QXFOHRQ +H ERPEDUGPHQW�� 1XFO� ,QVWUXP� 0HWKRGV� $����

���������



)LJ�� 1HXWURQ HQHUJ\ VSHFWUXP IRU & )LJ�� 1HXWURQ HQHUJ\ VSHFWUXP IRU $O
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)LJ�� 1HXWURQ HQHUJ\ VSHFWUXP IRU &X )LJ�� 1HXWURQ HQHUJ\ VSHFWUXP IRU 3E

10-7

10-5

0.001

0.1

10

1000

10 100 1000

Exp.

HIC

QMD

cr
os
s 
se
ct
io
n 
[m
b 
Me
V-
1  
sr
-1
]

neutron energy [MeV]

X10-1

X10-2

X10-3

X10-4

X10-5

0deg.

15deg.

30deg.

50deg.

80deg.

110deg.

10-7

10-5

0.001

0.1

10

1000

10 100 1000

Exp.

HIC

QMD

neutron energy [MeV]

cr
os
s 
se
ct
io
n 
[m
b 
Me
V-
1  
sr
-1
]

X10-1

X10-2

X10-3

X10-4

X10-5

0deg.

15deg.

30deg.

50deg.

80deg.

110deg.


