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� -DSDQ1XFOHDU&\FOH'HYHORSPHQW ,QVWLWXWH�7RNDLZRUNV�7RNDL�PXUD�1DND�JXQ� ��������

�5HVHDUFK5HDFWRU ,QVWLWXWH�.\RWR8QLYHUVLW\�1RGD�.XPDWRUL�FKR�6HQQDQ�JXQ�2VDND�IX� ��������

�*LIX&ROOHJHRI0HGLFDO7HFKQRORJ\�1DJDPLQH� ,FKLKLUDJD� 6HNL�VKL�*LIX� ��������

† 3UHVHQW DGGUHVV�&ROOHJHRI6FLHQFH DQG7HFKQRORJ\� ������1DUDVKLQRGDL� )XQDEDVKL�VKL�&KLED�NHQ��������

(�PDLO� UJP#WRNDL�MQF�JR�MS

7R REWDLQ IXQGDPHQWDO GDWD IRU UHVHDUFK RQ QXFOHDU WUDQVPXWDWLRQ PHWKRG RI UDGLRDFWLYH ZDVWHV� WKH UHVRQDQFH

LQWHJUDO �,�� RI WKH
��
6U�Q�γ���6U UHDFWLRQZDVPHDVXUHGZLWK DQ DFWLYDWLRQPHWKRG�




�� ,1752'8&7,21

$FFXUDWH GDWD RI WKH WKHUPDO QHXWURQ FDSWXUH FURVV VHFWLRQ �σ�� DQG WKH UHVRQDQFH LQWHJUDO �,�� DUH UHTXLUHG IRU WKH

UHVHDUFK RQ QXFOHDU WUDQVPXWDWLRQ RI ILVVLRQ SURGXFW �)3� QXFOLGHV ZLWK ODUJH ILVVLRQ \LHOGV DQG ORQJ KDOI�OLYHV� VR WKDW WKH

SUHVHQW DXWKRUV KDYH PHDVXUHG WKH σ� DQG WKH ,� RI )3�
��
6U LV RQH RI WKH PRVW LPSRUWDQW QXFOLGHV LQ WKH ORZ�OHYHO

UDGLRDFWLYH QXFOHDU ZDVWHV� DQG UHPDLQV IRU ORQJ SHULRG RI WLPH EHFDXVH RI LWV ORQJ KDOI�OLIH ����� \U�� +RZHYHU� WKH

FURVV VHFWLRQ GDWD RI
��
6U KDYH QRW EHHQ SUHSDUHG VXIILFLHQWO\� 7KHUH ZDV RQO\ D YDOXH RI XSSHU OLPLW RQ ,� ZKLFK ZDV

PHDVXUHG E\+DUDGD HW DO� LQ ���� >�@� 7KH\PHDVXUHGσ� DQG ,� RI WKH
��
6U�Q� γ���6U UHDFWLRQ E\ DQ DFWLYDWLRQPHWKRG

LQ WKH UHVHDUFK UHDFWRU -55��DW -$(5,� 7KHXSSHU OLPLW RI ,�� KRZHYHU�ZDVRQO\REWDLQHG LQ WKDW H[SHULPHQW 7KH

UHDVRQ IRU WKLV LV DV IROORZV� WKH UDWLR RI WKH HSLWKHUPDO IOX[ FRPSRQHQW WR WRWDO QHXWURQ IOX[ ZDV VR VPDOO �H�J� �����±

����� >�@� DW WKH LUUDGLDWLRQ SRVLWLRQ LQ -55�� WKDW WKH VXIILFLHQW \LHOGV RI
��
6U ZHUH QRW REWDLQHG LQ FDVH RI WKH LUUDGLDWLRQ

ZLWKLQ D &G FDSVXOH� ,W ZDV IRXQG WKDW LW ZDV SRVVLEOH WR SUHFLVHO\ PHDVXUH ,� RI
��
6U E\ XVLQJ PRUH KDUGHU QHXWURQ

ILOHG LQ.\RWR8QLYHUVLW\ 5HDFWRU �.85� WKDQ WKDW LQ -55��� DQG WKHQ WKHPHDVXUHPHQW RI ,� IRU WKH
��
6U�Q� γ���6U UHDFWLRQ

ZDVSODQHGRQFHPRUH�

��(;3(5,0(176

6U&O� VROXWLRQ FRQWDLQLQJ ���×��
�
�%T� RI

��
6U ZDV SRXUHG LQWR D KLJK SXULW\ TXDUW] WXEH� ZKLFK ZDV �PP LQ

GLDPHWHU DQG���PPLQ OHQJWK� 6U&O� VROXWLRQ FRQWDLQLQJ����%T�RI
��
6UZDV DOVR DGGHG LQWR WKH WXEH� 6WURQWLXP���

ZDV XVHG DV D WUDFHU IRU
��
6U EHFDXVH

��
6U ZDV D γ�UD\ HPLWWHU� $IWHU GU\LQJ RI WKH VROXWLRQ� WKH WXEH ZDV VKDSHG LQWR DQ



� ��

DPSRXOH WKDWZDV��PPLQ OHQJWK�

$ WDUJHW ZDV FRQVWUXFWHG IURP WKH 6U DPSRXOH DQG IOX[ PRQLWRUV� L�H� &R�$O DQG $X�$O DOOR\ ZLUHV� :LUHV RI

&R�$O DOOR\ �&R� ����ZW�� �����PP LQ GLDPHWHU� DQG$X�$O DOOR\ �$X� �����ZW�� �����PP LQ GLDPHWHU� ZHUH XVHG

WR PRQLWRU WKH QHXWURQ IOX[ DW WKH WDUJHW SRVLWLRQ� %HFDXVH
��
&R DQG

���
$X KDYH GLIIHUHQW VHQVLWLYLWLHV WR WKHUPDO DQG

HSLWKHUPDO QHXWURQV� WKHVHZLUHV DUH DGHTXDWH WRGHWHUPLQH WKH WKHUPDO DQG WKH HSLWKHUPDO IUDFWLRQV RI QHXWURQ IOX[ 7KH

DPRXQW RI&RDQG$XFRQWDLQHG LQZLUHVZHUHGHWHUPLQHGE\ZHLJKWPHDVXUHPHQW LQ DPLFUREDODQFH�

7KH WDUJHW ZDV SXW LQWR DQ$O FDSVXOH� DQG WKHQ WKH$O FDSVXOH ZDV KRXVHG LQ DQ LUUDGLDWLRQ FDSVXOH� ,Q WKH FDVH RI

LUUDGLDWLRQ WR PHDVXUH ,�� WKH WDUJHW ZDV KRXVHG LQ D &G FDSVXOH� ZKLFK ZDV ��PP LQ GLDPHWHU� ��PP LQ OHQJWK DQG

���PP LQ WKLFNQHVV� 'XULQJ WKH QHXWURQ LUUDGLDWLRQ� WKH$O FDSVXOH KDYH WZR UROHV� �D�7DUJHW FRQILQHPHQW DQG �E� KHDW

UHPRYDO RI WKH&GFDSVXOH� 7KLVZDV FRQILUPHGE\D WHVW LUUDGLDWLRQZLWKQR WDUJHW IRU �KRXU LQK\GUDXOLF WUDQVIHU WXEHRI

.85� ,UUDGLDWLRQV LQ K\GUDXOLF WUDQVIHU WXEH RI .85ZHUH SHUIRUPHG IRU �� KRXUV ZLWKRXW DQG ZLWKLQ WKH &G FDSVXOH�

UHVSHFWLYHO\� $IWHU WKH FRROLQJ IRUPRUH WKDQ��KRXUV� WDUJHWVZHUHSXOOHGRXW IURP WKH LUUDGLDWLRQ FDSVXOHV�

7KH FKHPLFDO VHSDUDWLRQV ZHUH DFFRUGLQJO\ SHUIRUPHG WR HOLPLQDWH
��
1D QXFOLGH IURP WKH 6U VDPSOHV� 7KH

LUUDGLDWHG 6U WDUJHWV ZDV ZDVKHG ZLWK ��� PRO�O �1+���62� VROXWLRQ� DQG WKHQ 6U QXFOLGHV ZHUH SUHFLSLWDWHG DV D IRUP RI

6U�62�� 7KH1DQXFOLGHVZHUH UHWDLQHG LQ WKH VROYHQW VROXWLRQ� VR WKDW WKH\ZHUH UHPRYHG IURP WKH 6U SUHFLSLWDWHVZLWK

D ILOWHU�ZKLFKZDV��PPLQGLDPHWHU DQG���µPLQ WKLFNQHVV� 7KH ILOWHUZDVZUDSSHGZLWK DYLQ\O WDSH� DQG WKHQXVHG

DV DPHDVXUHPHQW VDPSOH� �

$ KLJK SXULW\ *H GHWHFWRU ZDV HPSOR\HG WR PHDVXUH WKH γ UD\V IURP WKH LUUDGLDWHG WDUJHWV DQG PRQLWRU ZLUHV� ,WV

SHUIRUPDQFH ZDV FKDUDFWHUL]HG E\ D UHODWLYH HIILFLHQF\ RI �� � WR D ��� FP×��� FPφ1D,�7O� GHWHFWRU DQG DQ HQHUJ\

UHVROXWLRQ RI ��� NH9 IXOO ZLGWK DW KDOI�PD[LPXP�):+0� DW WKH ���� 0H9 SHDN RI
��
&R� 7KH SHDN GHWHFWLRQ

HIILFLHQFLHV ZHUH FDOLEUDWHG ZLWK γ�UD\ VRXUFHV� L�H�
���
(X�

���
&V DQG

��
1D� ZKRVH DFWLYLWLHV ZHUH ZHOO GHWHUPLQHG�

6LJQDOV IURP WKH GHWHFWRUZHUH IHG WR D IDVW GDWD DFTXLVLWLRQ V\VWHP� DQG γ�UD\ VSHFWUD GDWDZHUH UHFRUGHG RQ D KDUG GLVN RI

D SHUVRQDO FRPSXWHU� 'HWDLOV RI WKH GDWD WDNLQJ V\VWHPZHUH GHVFULEHG HOVHZKHUH>�@� 7KHPHDVXUHPHQW VDPSOHV ZHUH

PRXQWHG RQ WKH VXUIDFH RI WKH *H GHWHFWRU� $Q H[DPSOH RI γ�UD\ VSHFWUXP DIWHU WKH FKHPLFDO SURFHVVLQJ ZDV VKRZQ LQ

)LJ� �� $V VHHQ LQ )LJ��� WZR γ UD\V UHYHDOHG WKHPVHOYHV DURXQG WKH HQHUJ\ SRLQWV RI ��� NH9 DQG ���� NH9� 7KH

γ�UD\ PHDVXUHPHQWV ZHUH SHUIRUPHG IRU DERXW ��KRXUV LQ WKH FDVH RI WKH LUUDGLDWHG 6U VDPSOH ZLWKLQ WKH &G FDSVXOH DQG

IRU DERXW ��KRXUV LQ WKH FDVH RI WKDW ZLWKRXW WKH&G FDSVXOH� 6SHFWUD GDWD ZHUH VDYHG HYHU\ � KRXUV WR FRQILUPZKHWKHU

REVHUYHG γ UD\V ZHUH RULJLQDWHG LQ ��
6U RU QRW� )LJ� � VKRZV WKH GHFD\ FXUYHV IRU WKH FRXQWV IURP WKH ���� NH9 γ�UD\

SHDN� 7KH KDOI�OLIH ZDV IRXQG WR EH �±��K�� ZKLFKZDV LQ DJUHHPHQW ZLWK WKH HYDOXDWHG KDOI�OLIH YDOXH RI ��6U ����� K

>�@�ZLWKLQ WKH OLPLW RI HUURUV� 7KHUHIRUH� LWZDV FRQILUPHG WKDW WKH����NH9 γUD\KDVRULJLQDWHG IURP ��
6U�

�

�

�



� ��

103

104

105

106

500 1000 1500 2000 2500 3000 3500 4000

Channel �

)LJ��*DPPD�UD\ VSHFWUXPRI6U DIWHU FKHPLFDO SURFHGXUH
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1

0 10 20 30 40

Time (hour)

without the Cd capsule
T

1/2
= 9    1 (h)

within the Cd capsule
T

1/2
= 9    1 (h)

c.f. Sr-91
T

1/2
= 9.63    0.05 (h)

Table of Isotopes(8th)
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±

±

)LJ� � 'HFD\FXUYHVRI ����NH9γ�UD\ HPLWWHG IRUP ��
6U

��$1$/<6,6

6LQFH WKH GHWDLOV RI WKH PHWKRG WKDW ZH XVHG WR GHWHUPLQH WKH WKHUPDO FURVV VHFWLRQ DQG UHVRQDQFH LQWHJUDO ZHUH

GHVFULEHG HOVHZKHUH� KHUH DEULHI RXWOLQHRI WKH DQDO\VLV LV RQO\SUHVHQWHG�

:HVWFRWW¶V FRQYHQWLRQ >�@ FDQEH UHZULWWHQE\XVLQJ VLPSOLILHG IOX[QRWDWLRQ DV IROORZV�

�� σ����φ��WK�φ2�0��HSL
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

IRU LUUDGLDWLRQZLWKRXW D&G VKLHOG FDSVXOH�

���σ����φ����WK��φ������HSL�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

IRU LUUDGLDWLRQ ZLWK D &G VKLHOG FDSVXOH� +HUH� WKH 5 �RU 5¶� LV WKH UHDFWLRQ UDWH DQG σ� WKH WKHUPDO QHXWURQ ������P�V

QHXWURQ� FDSWXUH FURVV VHFWLRQ� φ� DQG φ�¶ DUH QHXWURQ IOX[ FRPSRQHQWV LQ WKH WKHUPDO HQHUJ\ UHJLRQ� DQG φ� DQG φ�¶ DUH

WKRVH LQ WKH HSLWKHUPDO HQHUJ\ UHJLRQ� 7KHQHXWURQ IOX[ FRPSRQHQWVZHUH REWDLQHGZLWK IOX[PRQLWRUV� 7KH UHVXOWV RI

WKHQHXWURQ IOX[HVZHUH OLVWHG LQ7DEOH��
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� � � � � � � � � � � � � � � � � � � � �  φ�����φ�%� � � � � � � �   �  � φ�����φ�%�
� � � � � � � � � � � � � � � � � � � &��'
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*�����������+�� � � � � � φ�,�-'.��±'-''/� � � � � � � � � φ��,'-���±'-''��

*������ � ����+�� � � � � φ�%�,'-'��±'-''�� � � � � � � � � � φ�%�,'-�'�±'-''��

7KH*WK DQG*HSL DUH VHOI�VKLHOGLQJ IDFWRUV WR WKHUPDO DQG HSL�WKHUPDO QHXWURQV� UHVSHFWLYHO\� 7KH*WK DQG*HSL DUH XQLW\

LQ WKH IROORZLQJDQDO\VLV LQ FXUUHQW WDUJHW FRQGLWLRQV� 7KH V� LV WKHSDUDPHWHU GHILQHGE\
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ZKHUH ,�¶ LV WKH UHGXFHG UHVRQDQFH LQWHJUDO� L�H� WKH UHVRQDQFH LQWHJUDO DIWHU VXEWUDFWLQJ WKH ��υ FRPSRQHQWV� 7KH

UHVRQDQFH LQWHJUDO ,� LV FDOFXODWHG DV IROORZV�

 
�,
�%�0�'-�1σ��
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

ZKHUH����σ� LV WKH��υ FRQWULEXWLRQJLYHQE\DVVXPLQJ WKH&GFXW�RII HQHUJ\ WREH���H9�

(TV���� DQG ��� JLYH WKH UHODWLRQ�
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VR WKDW WKH YDOXH RI V� LV REWDLQHG IURP5�5¶ YDOXH RI HDFK LUUDGLDWHG WDUJHW� 7KHσ� LV GHULYHG E\ VXEVWLWXWLQJ WKH V� LQWR

(T����� DQG WKHQ WKHYDOXHVRI ,�¶ DQG ,� DUH FDOFXODWHG IURP(TV���� DQG ����

��35(/,0,1$5<5(68/76$1'',6&866,21

5HDFWLRQ UDWHVZHUHREWDLQHG IURP WKH����NH9 γ�UD\ FRXQW GDWD� DQG OLVWHG LQ7DEOH��

7DEOH� 3UHOLPLQDU\ UHVXOWV RI UHDFWLRQ UDWHV DQGFURVV VHFWLRQVRI
��
6U�Q�γ���6U UHDFWLRQ

,UUDGLDWLRQ &KHPLFDO  ��
6U�Q�γ���6U UHDFWLRQ

7\SH \LHOG 5HDFWLRQ UDWHV ���V� σ� �PE� V� ,� �PE�
:LWKRXW WKH&GFDSVXOH �����±����� �����±����� ×����� ����±��� ����±��� ���±��
:LWKLQ WKH FDSVXOH&G �����±����� �����±����� ×�����

� � � � � � � � � � � � � � � � � � � � � � � � � 5HIHUHQFHV�
� � � � � � � � � � � � � � � >�@+DUDGD HW DO� ����±  ≦�� ≦���

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � >�@=HLVHO ���±��     
� � � � � � � � � � � � � � � � � � � � � � >�@0F9H\ HW DO� ����±���    
� � � � � � � � � � � � � � � � � � � � � � >�@/RQHHW DO� ���±���    

:LWK WKH H[SHULPHQWDO UHVXOWV RI WKH UHDFWLRQ UDWHV DQG QHXWURQ IOX[� TXDQWLW\ V� ZDV GHULYHG IURP (T����� DQG WKHQ WKH

UHVRQDQFH LQWHJUDO ZDV REWDLQHG E\ V�� DQG (T���� DQG ���� 7KH SUHVHQW UHVXOW IRU WKH UHVRQDQFH LQWHJUDO RI
��
6U ZDV

���
���
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IRXQG WR EH ���±�� �PE�� %\ VXEVWLWXWLQJ V� LQWR (T����� WKH WKHUPDO QHXWURQ FDSWXUH FURVV VHFWLRQ ZDV REWDLQHG DV

����±��� �PE�� 7KHSUHVHQW UHVXOWVZHUH VXPPDUL]HG LQ7DEOH� WRJHWKHUZLWK WKH HYDOXDWHGGDWD �

7KH SUHVHQW UHVXOW IRU ,� ZDV IRXQG WR EH ���±�� �PE�� DQG LW ZDV ZLWKLQ WKH XSSHU OLPLW UHSRUWHG LQ 5HI�>�@� 7KH

QHXWURQ FDSWXUH FURVV VHFWLRQZDV DOVR UHSRUWHG LQ5HI�>�@ DV����±��� �PE� DVVXPLQJ WKH TXDQWLW\ V�ZDV ]HUR� 7KHσ�

FDQ EH HVWLPDWHG IURP WKLV YDOXH DQG WKH SUHVHQW UHVXOW IRU V�� WKHσ�ZDV REWDLQHG DV ����±��� �PE�� 7KLV YDOXHZDV LQ

JRRG DJUHHPHQW ZLWK WKH SUHVHQW UHVXOW� σ� ����±��� �PE�� ZLWKLQ WKH OLPLW RI HUURUV� ,W ZDV IRXQG WKDW WKH SUHVHQW

UHVXOWVZHUH FRQVLVWHQWZLWK WKRVH LQ5HI� >�@�

��&21&/86,21

7RREWDLQ IXQGDPHQWDO GDWD IRU UHVHDUFKRQQXFOHDU WUDQVPXWDWLRQPHWKRGRI UDGLRDFWLYHZDVWHV� WKH UHVRQDQFH LQWHJUDO

RI WKH
��
6U�Q� γ���6U UHDFWLRQ ZDV PHDVXUHG ZLWK DQ DFWLYDWLRQ PHWKRG� +RZHYHU� WKHUH LV VWLOO D SUREOHP ZKLFK LV WR

SHUIRUP WKH FKHPLFDO SURFHGXUHPRUHSUHFLVHO\� WKHUHIRUH LW VKRXOGEHQRWH WKDW WKHVH UHVXOWVZHUHRQO\SUHOLPLQDU\RQHV�

$&.12:/('*0(176

7KH DXWKRUV ZRXOG OLNH WR DSSUHFLDWH 6� 1LVKLNDZD DQG .� 0L\DWD RI WKH 5HVHDUFK 5HDFWRU ,QVWLWXWH� .\RWR

8QLYHUVLW\ IRU WKHLU FRRSHUDWLRQ� 7KH DXWKRUV ZLVK WR 3URI� +� 0RUL\DPD RI .\RWR 8QLYHUVLW\ IRU WKHLU LQWHUHVW DQG

HQFRXUDJHPHQW GXULQJ WKLVZRUN

7KLV ZRUN KDV EHHQ FDUULHG RXW LQ SDUW XQGHU WKH 9LVLWLQJ 5HVHDUFKHU¶V 3URJUDP RI WKH 5HVHDUFK 5HDFWRU ,QVWLWXWH�

.\RWR8QLYHUVLW\� 

5()(5(1&(6

>�@+DUDGD�+�� 6HNLQH�7��+DWVXNDZD�<�� 6KLJHWD�1��.RED\DVKL�.��2KWVXNL� 7��.DWRK�7��

-�1XFO� 6FL� 7HFKQRO�� ��� ��� �������

>�@+DUDGD�+��1DNDPXUD� 6��.DWRK�7��2JDWD�<�� -�1XFO� 6FL� 7HFKQRO����� ��� �������

>�@ )LUHVWRQH�5�%�� 6KLUOH\�9�6��HG��� ´7DEOHRI ,VRWRSHV´ ��WK HG�� -RKQ:LOH\	6RQV�

1HZ<RUN� �������

>�@:HVWFRWW�&�+��:DONHU�:�+��$OH[DQGHU�7�.�� ³3URF� �QG ,QW�&RQI�3HDFHIXO8VHRI

�������������	�������2
�$�������������
���*�	��3
�4��-���
�/'�&�516)-�

>�@=HLVHO�*��$FWD�2K\V�$XVWU����� ���� �������

>�@0F9(<�/�$��%URG]LQVNL�5�/� DQG7DQQHU�7�0�� -�5DGLRDQDO�&KHP����� ��� �������

7/89���
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-
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