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7DNDVKL 1LVKLR
��
� ,VDR 0XUDWD

��
� $NLWR 7DNDKDVKL

��
� )XMLR 0DHNDZD

��
DQG +LURVKL 7DNHXFKL

��

�� 'HSDUWPHQW RI 1XFOHDU (QJLQHHULQJ� 2VDND 8QLYHUVLW\

<DPDGD�RND� ���� 6XLWD� ��������� -DSDQ

H�PDLO� QLVKLR#QHZMDSDQ�QXFO�HQJ�RVDND�X�DF�MS

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

7RNDL�PXUD� ,EDUDNL ��������� -DSDQ

%HQFKPDUN H[SHULPHQWV KDYH EHHQ FDUULHG RXW WR YDOLGDWH WKH QXFOHDU GDWD ILOHV RI -(1'/�����

-(1'/ IXVLRQ ILOH� (1')�%�9,� )(1'/�(���� DQG )(1'/�(���� IRU EODQNHW PDWHULDOV RI /L$O2�� /L�7L2�

DQG /L�=U2� DQG VWUXFWXUDO PDWHULDOV� L�H�� &� 9� )H� 686����� &X� 3E DQG : DW )XVLRQ 1HXWURQLFV 6RXUFH

�)16� RI -$(5,� -DSDQ� 6RPH GLVFUHSDQFLHV EHWZHHQ PHDVXUHG DQG FDOFXODWHG VSHFWUD ZHUH REVHUYHG�

+RZHYHU� WKH &�( YDOXHV IRU WKH HQHUJ\ PXOWLSOLHG LQWHJUDO VSHFWUXP VKRZ WKDW DOO WKH QXFOHDU GDWD ILOHV

ZHUH IDLUO\ UHOLDEOH�

��,QWURGXFWLRQ
,Q D IXVLRQ UHDFWRU GHVLJQ� QHXWURQ UHDFWLRQ FURVV VHFWLRQ GDWD DUH UHTXLUHG DQG XVXDOO\ WKH

HYDOXDWHG YDOXHV LQ QXFOHDU GDWD ILOHV DUH XVHG IRU WKH QHXWURQLFV FDOFXODWLRQ� 6R LW LV YHU\ LPSRUWDQW WR FDUU\

RXW WKH EHQFKPDUN H[SHULPHQWV IRU FDQGLGDWH EODQNHW DQG VWUXFWXUDO PDWHULDOV DQG WR DQDO\]H WKHLU UHVXOWV LQ

RUGHU WR YDOLGDWH WKH QXFOHDU GDWD� ,Q WKLV VWXG\� EHQFKPDUN H[SHULPHQWV KDYH EHHQ FDUULHG RXW WR YDOLGDWH

WKH QXFOHDU GDWD ILOHV RI -(1'/����� -(1'/ IXVLRQ ILOH� (1')�%�9,� )(1'/�(���� DQG )(1'/�(���� IRU

EODQNHW PDWHULDOV RI /L$O2�� /L�7L2� DQG /L�=U2� DQG VWUXFWXUDO PDWHULDOV� L�H�� &� 9� )H� 66���� &X� 3E DQG

:� DW )XVLRQ 1HXWURQLFV 6RXUFH �)16� RI -$(5,� -DSDQ� 7KH IRUPHU WKUHH DUH UHJDUGHG DV DQ DGYDQFHG

VROLG EUHHGHU PDWHULDO EHFDXVH RI WKHLU LQKHUHQW DGYDQWDJHV VXFK DV FKHPLFDO VWDELOLW\ DW KLJK WHPSHUDWXUH�

JRRG WULWLXP UHFRYHU\ FKDUDFWHULVWLFV DQG VR RQ� KRZHYHU WKH H[SHULPHQWDO GDWD RI WKHVH EODQNHW PDWHULDOV

KDYH QRW EHHQ REWDLQHG VR IDU� 7KH ODWWHUV DUH ZHOO�NQRZQ LPSRUWDQW VWUXFWXUDO PDWHULDOV WR EH XVHG LQ D

IXVLRQ UHDFWRU�

��([SHULPHQW
7KH H[SHULPHQWV KDYH EHHQ

FDUULHG RXW DW )16� 6HFRQGDU\ JDPPD UD\

VSHFWUD IURP WKH VODE DVVHPEOLHV KDYH

EHHQ PHDVXUHG XVLQJ DQ 1D, �7O� ��´�GLDP

E\ �´�ORQJ� VFLQWLOODWLRQ GHWHFWRU IRU WKUHH

HPLVVLRQ DQJOHV RI �� ���� DQG ���� GHJ�

E\ XVLQJ WKH WLPH�RI�IOLJKW �72)� PHWKRG�

7KH GLPHQVLRQV RI WKH DVVHPEOLHV ZHUH
���～����FP

�
LQ WKH IURQW VXUIDFH �VTXDUH

RU FLUFOH� DQG ���～����FP LQ WKLFNQHVV DV

VKRZQ LQ 7DEOH �� )LJXUH � VKRZV WKH

H[SHULPHQWDO DUUDQJHPHQW� 7KH GHWHFWRU

ZDV SRVLWLRQHG DW DERXW ���P IURP WKH

VODE DVVHPEO\ WR UHDOL]H JRRG HQHUJ\

UHVROXWLRQ E\ WKH 72) PHWKRG� 7KH

GHWHFWRU ZDV KHDYLO\ VKLHOGHG WR UHGXFH

EDFNJURXQG JDPPD UD\V IURP RWKHU

PDWHULDOV H[FHSW IRU WKH VDPSOH DVVHPEO\�

7DEOH � ([SHULPHQWDO DVVHPEOLHV�

6DPSOH 6KDSH 'LPHQVLRQV �FP�

& 6ODE ���� [ ���� [ W����� W����� W����

9 6ODE ���� [ ���� [ W����� W����

&X 6ODE ���� [ ���� [ W����� W����

3E 6ODE ���� [ ���� [ W���

: 6ODE ���� [ ���� [ W���� W����

)H 6ODE ���� [ ���� [ W����

66��� 6ODE ���� [ ���� [ W����� W����

/L$O2� 6ODE ���� [ ���� [ W����� W����

/L�7L2� 6ODE ���� [ ���� [ W����� W����

/L�=U2� 3VHXGR�F\OLQGHU ����φ [ W����� W����



��'DWD DQDO\VLV
7KH UHVSRQVH PDWUL[ RI WKH

1D,�7O� VFLQWLOODWLRQ GHWHFWRU ZDV PDGH

IURP WKH UHVXOWV RI WKH 0RQWH &DUOR FRGH

0&13��% FDOFXODWLRQ� ,W ZDV FRQILUPHG

WKDW WKH FDOFXODWHG UHVSRQVH IXQFWLRQ

DJUHHV ZHOO ZLWK WKH PHDVXUHG SXOVH

KHLJKW VSHFWUXP XVLQJ WKH VWDQGDUG

JDPPD�UD\ VRXUFHV ZLWKLQ ���� 7KH

XQIROGLQJ FRGH +(352 ZDV XVHG WR

FRQYHUW PHDVXUHG SXOVH KHLJKW VSHFWUXP

LQWR HQHUJ\ VSHFWUXP� 7KH H[SHULPHQWDO

HQHUJ\ VSHFWUD ZHUH FRPSDUHG ZLWK WKH

FDOFXODWHG UHVXOWV REWDLQHG E\ XVLQJ WKH

0RQWH &DUOR FRGH 0&13��% WR GLVFXVV

WKH YDOLGLW\ RI WKH HYDOXDWHG QXFOHDU GDWD

ILOHV RI -(1'/����� -(1'/ IXVLRQ ILOH�

)(1'/�(����� )(1'/�(���� DQG (1')�%�9,� 2ULJLQDO QXFOHDU GDWD TXRWHG LQ HDFK QXFOHDU GDWD OLEUDU\

IRU HDFK HOHPHQW DUH OLVWHG LQ 7DEOH �� 7KH DVVHPEOLHV DV ZHOO DV WKH GHWHFWRU FROOLPDWRU ZHUH PRGHOHG

SUHFLVHO\ IRU WKH 0&13 FDOFXODWLRQ� 7KH QHXWURQ DQG JDPPD�UD\ VRXUFH VSHFWUXP PDGH DQG XVHG LQ )16

ZDV XVHG�

��5HVXOWV
L� &DUERQ

)LJXUH � VKRZV WKH FRP�

SDULVRQ RI PHDVXUHG DQG FDOFXODWHG

JDPPD�UD\ VSHFWUD IRU FDUERQ RI �����

FP LQ WKLFNQHVV DQG VFDWWHULQJ DQJOH RI

���� GHJUHH� 7KH FDOFXODWHG VSHFWUD DUH

LQ DOPRVW JRRG DJUHHPHQW ZLWK DOO WKH

H[SHULPHQWDO GDWD IRU DOO WKH QXFOHDU

GDWD ILOHV�

LL� 9DQDGLXP

)LJXUH � VKRZV WKH FRPSDULVRQ RI PHDVXUHG DQG FDOFXODWHG JDPPD�UD\ VSHFWUD IRU YDQDGLXP RI

����� FP LQ WKLFNQHVV DQG VFDWWHULQJ DQJOH RI ���� GHJUHH� $OO WKH FDOFXODWHG VSHFWUD VKRZ XQGHUHVWLPDWLRQ

OHDGLQJ WR WKH FRQFOXVLRQ WKDW WKH HYDOXDWHG VHFRQGDU\ JDPPD UD\ SURGXFWLRQ FURVV VHFWLRQV PD\ EH VPDOO�

7KH SHDNV DURXQG ��� DQG � 0H9 DUH QRW UHSURGXFHG LQ DOO WKH QXFOHDU GDWD ILOHV�

LLL� ,URQ

)LJXUHV � DQG � VKRZ WKH FRPSDULVRQ RI PHDVXUHG DQG FDOFXODWHG JDPPD�UD\ VSHFWUD IRU LURQ RI

����� FP LQ WKLFNQHVV DQG VFDWWHULQJ DQJOH RI ���� GHJUHH DQG WKH HYDOXDWHG JDPPD UD\ HPLVVLRQ HQHUJ\

GLIIHUHQWLDO FURVV VHFWLRQ �(';� RI
QDW
)H� UHVSHFWLYHO\� -(1'/ IXVLRQ ILOH LV LQ IDLUO\ JRRG DJUHHPHQW ZLWK

WKH H[SHULPHQWDO GDWD DV VKRZQ LQ )LJ� �� 2YHUHVWLPDWLRQ RI WKH VHFRQGDU\ JDPPD UD\ SURGXFWLRQ FURVV

VHFWLRQ LQ -(1'/���� LV UHFRQILUPHG >�@� 7KH FURVV VHFWLRQ RI
��
)H LQ (1')�%�9, LV DGRSWHG LQ

)(1'/�(����� DOVR WKDW RI
��
)H LQ ())�� LV DGRSWHG LQ )(1'/�(���� DV VKRZQ LQ 7DEOH �� $V D UHVXOW� WKH

SHDN RI ���� NH9 IURP
��
)H KDV QRW EHHQ UHSURGXFHG LQ )(1'/�(���� DV RQH FDQ VHH LW IURP WKH (';

VSHFWUXP RI
��
)H�WKRXJK WKH UHSURGXFWLRQ LV IDLUO\ JRRG LQ )(1'/�(�����

LY� 66���

)LJXUH � VKRZV WKH FRPSDULVRQ RI PHDVXUHG DQG FDOFXODWHG JDPPD�UD\ VSHFWUD IRU 66��� RI

����� FP LQ WKLFNQHVV DQG VFDWWHULQJ DQJOH RI ���� GHJUHH� 7KH UHVXOW VKRZV WKH VDPH WHQGHQF\ DV WKH FDVH

RI LURQ EHFDXVH 66��� LV PDLQO\ FRPSRVHG RI LURQ� 7KH LQIOXHQFHV RI RWKHU HOHPHQWV VXFK DV 1L DQG 0Q

ZHUH QRW REVHUYHG�

���� PP

���� PP

θV

$VVHPEO\

7L�7 WDUJHW

��� PP

1D, GHWHFWRU

/HDG

,URQ 3RO\HWK\OHQH

/L�&2��3DUDIILQ

'HWHFWRU VKLHOG

&ROOLPDWRU
��PP

5RWDWLQJ GHFN

3DUDIILQ

7XQJVWHQ

)LJ�� ([SHULPHQWDO DUUDQJHPHQW�

1XFOHDU GDWD TXRWHG�/LEUDU\ QDPH

XVHG LQ WKH

FDOFXODWLRQ
/L 2 $O 7L =U & 9 )H &X 3E :

-(1'/���� -�� -�� -�� -�� -�� -�� -�� -�� -�� -�� -��

-(1'/�)) -�� -�� -)) -)) -)) -�� -)) -)) -)) -)) -))

(1')�%�9, %�9, %�9, %�9, %�9, %�9, %�9, %�9, %�9, %�9, %�9, %9,

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

)(1'/�(���� %�9, -�� ()� -�� -))
-))�

%�9,
-))

%�9,�

()�
%�9, %�9, -))

7DEOH � /LEUDULHV XVHG LQ WKH FDOFXODWLRQ�

� -��� -))� %�9,� -��� ()� DQG %� DUH DEEUHYLDWLRQV RI

-(1'/����� -(1'/ IXVLRQ ILOH� (1')�%�9,� -(1'/�����

())�� DQG %521'��� UHVSHFWLYHO\



Y� &RSSHU

)LJXUH � VKRZV WKH FRPSDULVRQ RI PHDVXUHG DQG FDOFXODWHG JDPPD�UD\ VSHFWUD IRU FRSSHU RI

����� FP LQ WKLFNQHVV DQG VFDWWHULQJ DQJOH RI ���� GHJUHH� /DUJH GLVFUHSDQF\ LV QRW REVHUYHG DQG ILYH

QXFOHDU GDWD ILOHV UHSURGXFH WKH PHDVXUHG VSHFWUXP YHU\ ZHOO� )LYH QXFOHDU GDWD ILOHV DUH WKHUHIRUH

FRQILUPHG WR EH IDLUO\ UHOLDEOH ZLWK UHVSHFW WR WKH SUHGLFWLRQ RI JDPPD UD\ VSHFWUXP�

YL� /HDG

)LJXUHV � DQG � VKRZ WKH FRPSDULVRQ RI PHDVXUHG DQG FDOFXODWHG JDPPD�UD\ VSHFWUD IRU OHDG RI

���� FP LQ WKLFNQHVV DQG VFDWWHULQJ DQJOH RI ���� GHJUHH DQG WKH HYDOXDWHG JDPPD UD\ HPLVVLRQ ('; RI
QDW

3E� UHVSHFWLYHO\� (1')�%�9, FDOFXODWLRQ JLYHV WKH EHVW DJUHHPHQW ZLWK WKH H[SHULPHQWDO GDWD DPRQJ ILYH

QXFOHDU GDWD ILOHV� ,Q -(1'/���� DQG -(1'/ IXVLRQ ILOH� WKH SHDNV RI ���� NH9 DQG ���� NH9 IURP
QDW

3E

DUH QRW REVHUYHG EHFDXVH WKHUH LV QR VWUXFWXUH DURXQG ��� 0H9 LQ WKH ('; VSHFWUXP RI
QDW

3E DV VKRZQ LQ

)LJ� ��

YLL� 7XQJVWHQ

)LJXUH �� VKRZV WKH FRPSDULVRQ RI PHDVXUHG DQG FDOFXODWHG JDPPD�UD\ VSHFWUD IRU WXQJVWHQ RI

���� FP LQ WKLFNQHVV DQG VFDWWHULQJ DQJOH RI ���� GHJUHH� %HFDXVH WKHUH LV QR FRPSOLFDWHG VWUXFWXUH

LQFOXGLQJ GLVFUHWH SHDNV� ODUJH GLVFUHSDQF\ LV QRW REVHUYHG� KRZHYHU D VOLJKW GLVFUHSDQF\ LV IRXQG DURXQG �

0H9�

YLLL� /L$O2�

)LJXUHV �� DQG �� VKRZ WKH FRPSDULVRQ RI PHDVXUHG DQG FDOFXODWHG JDPPD�UD\ VSHFWUD IRU

/L$O2� RI ���� FP LQ WKLFNQHVV DQG VFDWWHULQJ DQJOH RI ���� GHJUHH DQG WKH HYDOXDWHG JDPPD UD\ HPLVVLRQ

('; RI
QDW

2� UHVSHFWLYHO\� $ VLJQLILFDQW GLVFUHSDQF\ EHWZHHQ WKH H[SHULPHQWDO DQG FDOFXODWHG VSHFWUD LV

REVHUYHG DURXQG � 0H9 LQ -(1'/���� DQG -(1'/ IXVLRQ ILOH DV VKRZQ LQ )LJ� ��� WKDW LV GXH WR WKH IDFW

WKDW WKH LQWHQVLW\ RI WKH ���� NH9 JDPPD UD\ IURP WKH VHFRQG H[FLWHG OHYHO RI
��

2 LV QRW HYDOXDWHG LQ

-(1'/���� DQG -(1'/ IXVLRQ ILOH DV VKRZQ LQ WKH ('; VSHFWUXP RI )LJ� ��� $OO WKH QXFOHDU GDWD ILOHV

SURSHUO\ UHSURGXFH GLVFUHWH JDPPD UD\ SHDNV IURP
��

$O�

L[� /L�7L2�

)LJXUHV �� DQG �� VKRZ WKH FRPSDULVRQ RI PHDVXUHG DQG FDOFXODWHG JDPPD�UD\ VSHFWUD IRU

/L�7L2� RI ����� FP LQ WKLFNQHVV DQG VFDWWHULQJ DQJOH RI ���� GHJUHH DQG WKH HYDOXDWHG JDPPD UD\

HPLVVLRQ ('; RI
QDW

7L� UHVSHFWLYHO\� 7KH VDPH WHQGHQF\ DV /L$O2� LV REVHUYHG IRU
��

2� 7KH FDOFXODWHG

VSHFWUD LQ -(1'/���� DQG -(1'/ IXVLRQ ILOH DJUHH ZHOO ZLWK WKH H[SHULPHQWDO GDWD EHORZ � 0H9 DV VKRZQ

LQ )LJ���� 7KH (1')�%�9, FDOFXODWLRQ VHHPV WR XQGHUHVWLPDWH H[SFHSW IRU SHDNV RYHU � 0H9 DV LV

XQGHUVWRRG IURP WKH ('; VSHFWUXP RI
QDW

7L LQ )LJ����

[� /L�=U2�

)LJXUHV �� DQG �� VKRZ WKH FRPSDULVRQ RI PHDVXUHG VSHFWUD DQG FDOFXODWHG JDPPD�UD\ VSHFWUD

IRU /L�=U2� RI ����� FP LQ WKLFNQHVV DQG VFDWWHULQJ DQJOH RI ���� GHJUHH DQG WKH PHDVXUHG JDPPD UD\

VSHFWUXP RI
QDW

=U ZLWK +S�*H GHWHFWRU E\ .RQGR HW� DO�>�@� UHVSHFWLYHO\� $ ODUJH XQGHUHVWLPDWLRQ LV

REVHUYHG IRU (1')�%�9, DV VKRZQ LQ )LJ��� EHFDXVH WKHUH LV QR HYDOXDWHG VHFRQGDU\ JDPPD UD\

SURGXFWLRQ FURVV VHFWLRQ IRU =U� 7KH )(1'/�(���� FDOFXODWLRQ LV LQ H[FHOOHQW DJUHHPHQW ZLWK WKH

H[SHULPHQWDO GDWD DPRQJ DOO WKH QXFOHDU GDWD ILOHV� 7KLV PHDQV WKDW WKH VHFRQGDU\ JDPPD UD\ SURGXFWLRQ

FURVV VHFWLRQ RI
QDW

=U LQ %521'�� LV YHU\ UHOLDEOH� 7KH JDPPD UD\ SHDN DURXQG � 0H9 IURP
QDW

=U LV QRW

UHSURGXFHG LQ DOO WKH QXFOHDU GDWD ILOHV� WKRXJK WKLV SHDN ZDV REVHUYHG LQ WKH PHDVXUHG JDPPD UD\

VSHFWUXP DV VKRZQ LQ )LJ����

[L� 7KH UDWLR RI &�( LQ HQHUJ\ LQWHJUDO

7KH UDWLR RI FDOFXODWHG WR PHDVXUHG JDPPD UD\ VSHFWUXP PXOWLSOLHG E\ WKH JDPPD UD\ HQHUJ\
�&�(� LV GHVFULEHG IRU DOO WKH VDPSOHV LQ )LJ���� 7KH &�( YDOXHV GHYLDWH ZLWKLQ ± ��� IURP ��� H[FHSW IRU
QDW

9 DQG
QDW

)H� $OO WKH QXFOHDU GDWD ILOHV DUH WKXV FRQILUPHG WR EH UHOLDEOH LQ JHQHUDO ZLWK UHVSHFW WR WKH

SUHGLFWLRQ RI JDPPD UD\ WUDQVSRUW�



��&RQFOXVLRQ

6HFRQGDU\ JDPPD UD\ EHQFKPDUN H[SHULPHQWV IRU DGYDQFHG EODQNHWV DQG VWUXFWXUDO PDWHULDOV

KDYH EHHQ FRQGXFWHG� 7KH QXFOHDU GDWD ILOHV RI -(1'/����� -(1'/ IXVLRQ ILOH� (1')�%�9,� )(1'/�(����

DQG )(1'/�(���� ZHUH YDOLGDWHG E\ PHDQV RI FRPSDULQJ PHDVXUHG ZLWK FDOFXODWHG VHFRQGDU\ JDPPD UD\

VSHFWUD� ,W ZDV IRXQG IURP WKH FRPSDULVRQ WKDW WKHUH ZHUH VRPH GLVFUHSDQFLHV EHWZHHQ H[SHULPHQW DQG

FDOFXODWLRQ DQG LW ZDV SRLQWHG RXW WKDW VHYHUDO QXFOHDU GDWD ILOHV VKRXOG EH LPSURYHG� +RZHYHU� IRU WKH

HQHUJ\ LQWHJUDO� DOO WKH &�( YDOXHV GHYLDWH ZLWKLQ ��� H[FHSW IRU
QDW

9 DQG
QDW

)H LQ DOO WKH QXFOHDU GDWD ILOHV�

$FNQRZOHGJPHQWV
7KH DXWKRUV ZLVK WR DFNQRZOHGJH WKH RSHUDWLQJ VWDII RI )16� -($5,� IRU WKHLU H[FHOOHQW RSHUDWLRQ RI )16�

5HIHUHQFH
>�@ 0DHNDZD )�� 2\DPD <�� .RQQR &�� :DGD 0� DQG ,NHGD <�� 1XFO� 6FL� (QJ�� ���� ��� �������

>�@ .RQGR 7� 3ULYDWH &RPPXQLFDWLRQ� 2VDND 8QLYHUVLW\ �������
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*DPPD�UD\ HQHUJ\ �0H9�

QDW

)H (Q ���� 0H9

(1')�%�9,

)(1'/�(����

)(1'/�(����

-(1'/����

-(1'/ IXVLRQ ILOH

)LJ�� *DPPD�UD\ IOX[ IRU &DUERQ RI �����

FP LQ WKLFNQHVV DW ���� GHJUHH

)LJ�� *DPPD�UD\ IOX[ IRU ,URQ RI �����

FP LQ WKLFNQHVV DW ���� GHJUHH

)LJ�� *DPPD�UD\ IOX[ IRU 9DQDGLXP RI �����

FP LQ WKLFNQHVV DW ���� GHJUHH

)LJ�� (YDOXDWHG JDPPD UD\ HPLVVLRQ ('; RI
QDW

)H
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LiAlO2

Thickness 25.4cm
scatter angle 24.9 deg.

Gamma-ray energy (MeV)
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Lead
Thickness 5.00cm
scatter angle 50.0 deg.
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Copper
Thickness 10.16cm
scatter angle 50.0 deg.
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SUS-316
Thickness 10.16cm
scatter angle 50.0 deg.
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Thickness 10.16cm
scatter angle 24.9 deg.
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Thickness 10.16cm
scatter angle 50.0 deg.
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