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7DNDNR 0,85$� 7KDQ :,1� 0DPRUX %$%$� 0DVDQREX ,%$5$.,�

<RVKLWDND +,5$6$:$� 7VXWRPX +,52,6+,� 7DNDR $2.,

'HSDUWPHQW RI 4XDQWXP 6FLHQFH DQG (QHUJ\ (QJLQHHULQJ� 7RKRNX 8QLYHUVLW\

$UDPDNL�$]D�$RED ��� $RED�NX� 6HQGDL� ��������� -DSDQ

(PDLO� WDNDNR#USO�TVH�WRKRNX�DF�MS

7KH SURPSW ILVVLRQ QHXWURQ VSHFWUD RI
���
8�

���
8� DQG

���
7K IRU IDVW QHXWURQ�LQGXFHG ILVVLRQ ZHUH

PHDVXUHG E\ XVLQJ WKH WLPH�RI�IOLJKW �72)� PHWKRG DW 7RKRNX 8QLYHUVLW\ ��� 09 '\QDPLWURQ IDFLOLW\� :H

REWDLQHG QHZ H[SHULPHQWDO GDWD IRU
���
8 DW (Q ����� ���� ��� 0H9�

���
8 DW (Q ���� ��� 0H9� DQG

���
7K DW

(Q ��� 0H9 IROORZLQJ RXU SUHYLRXV ZRUNV IRU
���
8 DQG

���
7K DW ��� 0H9� DQG

���
1S DW ���� 0H9�
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���
8�

���
8� DQG

���
7K DUH RQH RI WKH PDLQ FRQVWLWXHQWV RI IDVW EUHHGHU UHDFWRUV DQG DFFHOHUDWRU�GULYHQ

EUHHGHU UHDFWRUV� 7KHLU SURPSW ILVVLRQ VSHFWUD IRU QHXWURQ�LQGXFHG ILVVLRQ DUH� WKHUHIRUH� RI JUHDW

LPSRUWDQFH IRU WKH GHVLJQ RI UHDFWRUV� 7KHVH GDWD DUH RI KLJK SULRULW\ DOVR DV WKH EDVLV IRU HYDOXDWLRQ RI

QXFOHDU GDWD IRU DFWLQLGH� )LVVLRQ VSHFWUD DUH GHVFULEHG E\ FRQYHQWLRQDO 0D[ZHOOLDQ RU :DWW W\SH IXQFWLRQV�

RU WKHRUHWLFDO RQH E\ 0DGODQG�1L[ PRGHO DQG RWKHUV ZLWK DSSURSULDWH SDUDPHWHUV OLNH WKH OHYHO GHQVLW\ RU

WKH QXFOHDU WHPSHUDWXUH� )RU GHWHUPLQDWLRQ RI WKH SDUDPHWHUV� H[SHULPHQWDO GDWD DUH LQGLVSHQVDEOH� EXW QRW

HQRXJK ERWK LQ TXDQWLW\ DQG TXDOLW\� LQ SDUWLFXODU IRU
���
8 DQG

���
7K�

)ROORZLQJ RXU SUHYLRXV ZRUNV IRU
���
8 DQG

���
7K DW ��� 0H9 >�@� DQG IRU

���
1S DW ���� 0H9 >�@� QHZ

H[SHULPHQWDO GDWD ZHUH REWDLQHG LQ WKH SUHVHQW ZRUN IRU
���
8 DW (Q ����� ���� ��� 0H9�

���
8 DW (Q ���� ���

0H9� DQG
���
7K DW (Q ��� 0H9� 7KH UHVXOWV ZHUH FRPSDUHG ZLWK WKH HYDOXDWLRQ DQG WKH 0D[ZHOOLDQ

WHPSHUDWXUHV ZHUH DOVR GHGXFHG E\ OHDVW VTXDUH ILWWLQJ LQ RUGHU WR FRPSDUH ZLWK RWKHU GDWD�
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7KH PHDVXUHPHQW ZDV SHUIRUPHG E\ XVLQJ WKH WLPH�RI�IOLJKW �72)� PHWKRG DW 7RKRNX 8QLYHUVLW\ ���

09 '\QDPLWURQ DFFHOHUDWRU IDFLOLW\� 7KH H[SHULPHQWDO DUUDQJHPHQW LV VKRZQ LQ )LJ��� 7KH GHWDLOV RI

H[SHULPHQW IRU
���
8 DW ���� 0H9 ZHUH VLPLODU ZLWK WKDW IRU

���
1S >�@�

7KH ILVVLRQ VDPSOHV ZHUH VROLG RQHV RI
���
8�

���
8�

���
7K DQG 3E� 7KH

���
8 VDPSOH FRQVLVWHG RI ��

SODWHV� ���� PP [ ���� PP [ � PP� RI 8�2� SRZGHU GLVSHUVHG LQ DQ DOXPLQXP PHWDO DQG WKH DPRXQW RI
���
8 LV RQO\ ���� J� 7KH

���
8 DQG

���
7K VDPSOHV ZHUH PHWDOOLF F\OLQGHUV RI HOHPHQWDO XUDQLXP DQG WKRULXP�

� FPφ [ �FP� DQG HQFDVHG LQ ��� PP�WKLFN DOXPLQXP FDQV� 7KH 3E VDPSOH ZDV HPSOR\HG LQ RUGHU WR

HYDOXDWH EDFNJURXQG FRPSRQHQWV DQG WKH WDLO RI WKH HODVWLF SHDN WR WKH KLJK HQHUJ\ VLGH�

1HXWURQ VRXUFH ZDV WKH
�
/L�S�Q� UHDFWLRQ IRU (Q ���� 0H9� WKH 7�S�Q� UHDFWLRQ IRU (Q ��� 0H9 DQG

WKH '�G�Q� UHDFWLRQ IRU (Q ��� 0H9� 7KHVH WDUJHWV ZHUH PHWDOOLF OLWKLXP� VROLG 7L�7� DQG '��JDV FHOO IRU WKH
�
/L�S�Q�� WKH 7�S�Q� DQG WKH '�G�Q� UHDFWLRQV� UHVSHFWLYHO\� 7KH LRQ EHDP ZDV � 0+] UHSHWLWLRQ UDWH ZLWK



�a���µ$�
7KH QHXWURQ GHWHFWRU ZDV D PDVVLYHO\ VKLHOGHG ���� FPφ [ ��� FP 1(��� VFLQWLOODWRU DQG WKH IOLJKW

SDWK ZDV � P� 2EVHUYDWLRQ DQJOH ZDV VHOHFWHG WR PLQLPL]H FRQWULEXWLRQ RI HODVWLF VFDWWHULQJ� ��° IRU

(Q ���� 0H9� ���° IRU (Q ��� 0H9� DQG ���° IRU (Q ��� 0H9� 'DWD ZHUH DFTXLUHG E\ ��SDUDPHWHU OLVW

PRGH IRU SXOVH�KHLJKW� SXOVH�VKDSH� DQG 72) WR HQDEOH IOH[LEOH GDWD DQDO\VLV ZLWK RSWLPDO H[SHULPHQWDO

SDUDPHWHUV� 7RWDO WLPH WDNHQ IRU WKH PHDVXUHPHQWV LV VKRZQ LQ 7DEOH ��

7KH 72) VSHFWUXP RI
���
8 IRU ��� 0H9 LV VKRZQ LQ )LJ�� DV D W\SLFDO RQH ZLWKRXW Q�γ GLVFULPLQDWLRQ

WR VKRZ WKH γ�UD\ SHDN� 5DZ OLVW GDWD ZHUH SURFHVVHG IRU RSWLPXP Q�γ GLVFULPLQDWLRQ DQG SXOVH�KHLJKW ELDV
E\ VRIWZDUH WUHDWPHQW� 7KH H[SHULPHQWDO VSHFWUD ZHUH FRUUHFWHG IRU WZR HIIHFWV RI �� WLPH UHVROXWLRQ ZKLFK

PDNH DSSDUHQW VSHFWUXP KDUGHU DQG �� WKH QHXWURQ DWWHQXDWLRQ ZLWKLQ WKH VDPSOH�
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)LJXUH � VKRZV WKH SUHVHQW SURPSW ILVVLRQ VSHFWUD GLYLGHG E\ ( ZLWK D EHVW�ILW OLQH RI WKH

0D[ZHOOLDQ IXQFWLRQ�

���H[S���
00
7((&( −=χ

ZKHUH χ�(�0 � 70� DQG & DUH WKH 0D[ZHOOLDQ IXQFWLRQ �ILVVLRQ VSHFWUXP� H[SUHVVHG E\ WKH HQHUJ\ RI SURPSW

ILVVLRQ QHXWURQV� WKH 0D[ZHOOLDQ WHPSHUDWXUH DQG QRUPDOL]DWLRQ FRQVWDQW� UHVSHFWLYHO\� 7KH XQFHUWDLQW\ IRU

(Q ��� 0H9 GDWD LV IDLUO\ ODUJH� EHFDXVH WKH\ GR QRW KDYH HQRXJK FRXQWLQJ VWDWLVWLFV DQG DUH DIIHFWHG E\

ODUJH EDFNJURXQGV GXH WR D GHXWHURQ EHDP� $OO RI WKH SUHVHQW GDWD DUH LQ FORVH DJUHHPHQW ZLWK WKH

0D[ZHOOLDQ IXQFWLRQ EHORZ a�� 0H9� 7KH SUHVHQW GDWD RI
���
8 IRU (Q ���� 0H9� LQ SDUWLFXODU� DUH RI

HQRXJK FRXQWLQJ VWDWLVWLFV LQ VSLWH RI VPDOO DPRXQW RI WKH VDPSOH DQG LQ JRRG DJUHHPHQW ZLWK WKH

0D[ZHOOLDQ IXQFWLRQ�

7KH SUHVHQW 0D[ZHOOLDQ WHPSHUDWXUHV GHGXFHG E\ ILWWLQJ DUH SUHVHQWHG LQ 7DEOH �� 7KH SUHVHQW UHVXOW

RI
���
8 IRU (Q ��� 0H9 LV FRQVLVWHQW ZLWK RXU SUHYLRXV RQH >�@ ZLWKLQ WKH TXRWHG XQFHUWDLQW\� 7KH SUHVHQW

WHPSHUDWXUHV DUH DOVR VKRZQ LQ )LJ�� ZLWK RWKHU H[SHULPHQWDO GDWD DQG +RZHUWRQ�'R\DV IRUPXOD DV D

UHIHUHQFH GDWD� +RZHUWRQ�'R\DV IRUPXOD LV D VHPL�HPSLULFDO RQH EDVHG RQ WKH DYHUDJH QXPEHU RI QHXWURQV

HPLWWHG SHU ILVVLRQ� ZKLFK LV NQRZQ DFFXUDWHO\� 7KLV IRUPXOD ZDV HPSOR\HG LQ HYDOXDWLRQV� ZKLOH LW LV

UHSODFHG ZLWK WKHRUHWLFDO PRGHOV LQ WKH FXUUHQW HYDOXDWLRQV� 2XU GDWD DUH JHQHUDOO\ FRQVLVWHQW ZLWK RWKHU

H[SHULPHQWDO GDWD� EXW +RZHUWRQ�'R\DV IRUPXOD GHYLDWH V\VWHPDWLFDOO\ IURP WKH H[SHULPHQWDO GDWD�

7KH SUHVHQW ILVVLRQ VSHFWUD ZHUH FRPSDUHG ZLWK WKH HYDOXDWHG QXFOHDU GDWD� -(1'/���� DQG

(1')�%�9,� )RU
���
8 DW (Q ���� 0H9� WKH ERWK HYDOXDWHG GDWD DUH RI JRRG DJUHHPHQW ZLWK WKH SUHVHQW GDWD

DV VKRZQ LQ )LJ��� 7KH GLIIHUHQFH EHWZHHQ WKH HYDOXDWHG GDWD EHFRPH ODUJHU DV LQFLGHQW QHXWURQ HQHUJ\

JRHV KLJKHU� ,Q SDUWLFXODU LQ WKH FDVH RI
���
7K DW (Q ��� 0H9� GLIIHUHQFH LV ODUJH PDUNHGO\� 7KH VSHFWUD IRU

���
7K DW (Q ��� 0H9 DUH VKRZQ LQ )LJ��� ZKHUH WKH SUHVHQW GDWD DUH QRUPDOL]HG WR -(1'/���� EHFDXVH RI

UHODWLYH YDOXH LQ WKH SUHVHQW GDWD� )RU PRUH GHWDLOHG GLVFXVVLRQ� WKHUHIRUH� FRPSDULVRQ LQ DEVROXWH YDOXH LV

GHVLUDEOH�

7KH XUDQLXP���� VDPSOHV DUH RQ ORDQ IURP .\RWR 8QLYHUVLW\ 5HVHDUFK 5HDFWRU ,QVWLWXWH�

>�@ 0� %DED HW DO�� 1XFO�6FL�7HFKQRO�� ����� ������ �������

>�@ 7KDQ :LQ HW DO�� 1XFO�6FL�7HFKQRO�� ����� ������ �������



7DEOH � 7RWDO PHDVXUHPHQW WLPHV

6DPSOH (Q �0H9� 7LPH �K�

8���� ���� ��

���� ��

���� ���

8���� ���� �

���� ���

7K���� ���� �

7DEOH � 0D[ZHOOLDQ 7HPSHUDWXUHV �SUHOLPLQDU\�

3UHVHQW

8���� (Q  ���� 0H9 70  ���� ± ���� 0H9

(Q  ���� 0H9 70  ���� ± ���� 0H9

(Q  ���� 0H9 70  ���� ± ���� 0H9

8���� (Q  ���� 0H9 70  ���� ± ���� 0H9

(Q  ���� 0H9 70  ���� ± ���� 0H9

7K���� (Q  ���� 0H9 70  ���� ± ���� 0H9

3UHYLRXV

8���� (Q  ���� 0H9 70  ���� ± ���� 0H9

7K���� (Q  ���� 0H9 70  ���� ± ���� 0H9



)LJ�� ([SHULPHQWDO VHWXS

)LJ�� 72) VSHFWUXP IRU
���
8 DW (Q ��� 0H9 � ZLWKRXW Q�γ GLVFULPLQDWLRQ �

)LJ�� )LVVLRQ VSHFWUD GLYLGHG E\ ( IRU (Q ���� 0H9� ��� 0H9� ��� 0H9
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)LVVLRQ

1HX WURQV

Beam

Paraffin
Sample

Target
Shadow-bar

Lead Shadow-bar

Monitor Detector
NE213 5cm-diamx5cm

Polyethylene

Main Detector
NE213 12.7cm-diamx 5.1cm-thick



)LJ�� 0D[ZHOOLDQ 7HPSHUDWXUH

� � � � � ��
���

���

���

��	

���


����

�������������������������

�
� 
!
�"
"�
#
�$

%
��
��
�
��
��
�
��

�

&��'��
($��)
*���
+�,

+�' � +RZHUWRQ�'R\DV IRUPXOD

� � � � � ��
���

���

���

��	

���


����

�������������������������

�
� 
!
�"
"�
#
�$

%
��
��
�
��
��
�
��

�

&��'��
&��-���'
.���)�"��
.�����
+�,

+�' � +RZHUWRQ�'R\DV IRUPXOD

� � � � � ��
���

���

���

��	

���

#)����

�������������������������

�
� 
!
�"
"�
#
�$

%
��
��
�
��
��
�
��

�

&��'��
&��-���'
+�,

+�' � +RZHUWRQ�'R\DV IRUPXOD



)LJ� � )LVVLRQ VSHFWUXP RI
���
8 DW (Q ���� 0H9 FRPSDUHG ZLWK -(1'/���� DQG (1')�%�9,

)LJ� � )LVVLRQ VSHFWUXP RI
���
7K DW (Q ��� 0H9 FRPSDUHG ZLWK -(1'/���� DQG (1')�%�9,

�([SHULPHQWDO GDWD DUH QRUPDOL]HG WR -(1'/�����
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