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1ʵĘ;0  
� ƓƑ¸�¿ǝ-Ǹ-2�ǬŰǱǿF��Ȝ�"+ʧ�%12�1974 ļ 9 ƌƐ�@�
�ƌ�l�S��,1x}O�Ģʮ,�ãĚƜ0ƔȞ�C%ɤx}O�1ǳƲȨǘFǂ

BĢʮ,�(%[1]��1Ģʮ02���`�,�(%İĲźÀ¿ǝF2�;�ƴģƬ
ƷƱ�ƨƑƷƱ���Ƽ�¿ǝ�ĭƘ±�Ʊ�ÕEA�Ō0/(+ɅǠ²ňƱ�ƅʎʲ

�Ʊ�æÕ�C%��0�+ŕ�3�ʜĚX�S�e��1Åʌƥǩ�@1ÑƁĳĎɤ

x}O�F«�-��Öř/Ģʮƕ¡1�,�·ƢĿ1ĭ��x}O�ãĚ1Zo�ý

ɯF�Ëıư1ĭ��ʢĚĳĎ�@ǂB�FǕ(%Ģʮ,�žěɾAďȘ/Ģʮ,�(

%�³�ǩ02�1�� Ñ0 Polarized Muonic Atoms-��ǛɞɐȈǩɞž[2]2Ɖ
�+�%��Ǹ1x}O�Ģʮ2�1l�S��1Ģʮ�ÊǨǋ,�#1Ō�Ƅ8,

40ļɸ�Ț�+�B��1Ċõ,2��1Ƥ/ėƩ,Z_�e�%x}O�Ǳǿ1Å�
Ȇȥ1öɶ,�ãĚƜ�ȎȊĚǒǛ0ʖ�+ɦ�(%ĭíFŬAɹB�- B� 
� Ǹ2l�S��Ģʮ ʙ1 40 ļɸ�1ʕ0�KEK q�Z_�ÎǟƂɓ[3]�
TRIUMF-M9 x}O�a|i�[4]�ǛǱ RAL x}O�Ƃɓʳÿ 1ʴ[5]�Ōɴ0ɑ�
+ J-PARC MUSE[6]- 4Ƃɓ1Łɓ-ÎǟĢʮ0ŵEA�#1ʕƤ
/ǹĝǱǿFʃ
;B�-�ÊƖ%�ǱǿÅĤ1ßË2ǒɥ�ǝùʖ°1œǟǹĝ,�(%��#C@2

�1Ċž[7]0ɢA� �,2ãĚƜ�ȎȊĚĉǴǒǛ0ʚB�- B� 
 
2ʵɤx}O�1ƔȞÙƙ  
x}O�ƜǹĝǱǿ1ēß2�ǒɥ�1ʤƫɤx}O�0ʖ BǙɣFħɣ-�+�B�

MeV ǽĿ �1Mi�R�FŪ)ʍ�ʢĚɤx}O�Fǒɥ�0ƺÁ�ʤƫ�"B-�ƪ

1Ǚɣ�ɦ�Bʳÿ 2ʴ[7]� 

ʷʴɤx}O�2öɶʢĚF��AŦ�ãĚƜ0ɸ���ãĚƜ1öɶ0ĭ��ãĚ�x

}O�ãĚ	1ʰØɦǔŝF©B� 

ʸ ɤɹx}O�2x}O�ãĚÅʉǻFȓ+�gjǺ �1ƈʕ,�ĉľǔŝ0Ïʈ B�

ãĚǥî˂1x}O�ãĚ1ĉľǔŝ1ßŊ2ɱƜ,2 270/Zx10-13 cm ,�¬�3 100Ru 

(Z=44),2 6.14x10-13 cm-/B� 

ʹʴɥʏż A1ãĚƜ1ßŊ2 1.2(A)1/3x10-13 cm,�¬�3 100Ru (Z=44),2 5.57x10-13 cm

-/B�x}O�ãĚ1ĉľǔŝ1ßŊ-ãĚƜ1ßŊ-�ñǽĿ-/B%;�ãĚɮʇ

�ĐÜ B�ñƈ0ƜĚ-ɤx}O�-1ʕ0ɸŰɪʠ,¼�Ń�ǭ�©ǟ�ƍÙ-/A�



Ȏʆǽµ� + p → n + νµ 1Ɯôéèœ�ɦ�A�ɤx}O�1ȮǡĳĎµ� → e� + νµ +  !"-Ȅ
� B�¬�3 100Ru (Z=44),2 95 %�Ɯôé 5 %�ȮǡĳĎ-/B� 

ʺʴx}O�Ɯôéèœ0Ț�+�ØɦƜǔŝ�@�ŗĚ�ʜĚ�ȇ1ȊĚŹÊ�ɦ�A�

#C0œ�+Ƥ
/ãĚƜñ¤¦�ǝ8CB�ɤx}O�0?(+ɤ1ʢȴ��)áÕ�

CB%;�~h�S/ãĚƜĐŲ�¾ȎĐŲèœ�ĢǙ B[8]� 

 
2.1� ʁŵǱǿȵȳƏ1ǳƲȨǘd�_-Ƌɸ1d�_ 
� 1974 ļ1Ģʮ,2�ƓƑ¸�¿ǝ1űƞ,�ɤx}O�ãĚ1ĉľǔŝ1ǳƲȨǘ
1ǂġ�ȺEC%�Ɯôé-Ȅð BȮǡĳĎ1ʢĚFǂġ��Ƨǳċ�,1ɤx}O

�Zo�ýɯFǂB�0?AɊǂFȺ(%�ãĚƜ0ƔȞ�C%ɤx}O�1ǭħɞǩ

ʅÚ0?BɁƬ�ɝ5@C%[1]�#1Ōɤx}O�ãĚ1ĉľǔŝ1ǳƲȨǘ0ʖ�
+2�Ľ)�1Ÿɏd�_� TRIUMF�PSI,Ŏ@C+�Bʳÿʺʴ[9, 10]� 
�1Ģʮ2�İĲźÀ¿ǝ1IKdJI0?B�·Ƣɤx}O�ãĚĉľǔŝ�ãĚ

Ɯ?AȀʕǩ0ũ�(+�BŗɥF«(+�Ņǳŗ¦Åʌċ1ȀʕƣʀFůȏ BĢʮ

0¿Ⱥ BŇ,��/EC%�ñƈ0ǂġ�C%ɤx}O�ãĚ1ĉľǔŝ1Ĩùd�

_[1]r ÿ 3ʴ2#1Ō1Ƥ
/Ǳǿ1ĉǅ-/(+�B���,2ɍC/���·Ƣɤ
x}O�ãĚĉľǔŝFr��q- Bǳŗ¦Åʌċ1Ȁʕƣʀ1ůȏ2�10 ļ¨Ō
0İĲT��r0?(+�Ni[11]- Fe[12]0)�+Ģʮ�ŞÔF9+�B� 
 
2.2� x}O�ãĚ1Ç·Ƣ 
� x}O�ãĚÅ1Ņ�Zo�ɮʇǭ�©ǟ0?(+ɤx}O�1ĉľǔŝ,1Zo

�·Ƣ2 1/6 �0/B[2]��1ǔŝ,x}O�Ɯôéèœ1Zo�®ĜŗFɝ5èœ
Ʃƣ1ɘȐFůB�2þʡ,�(%��1Ƥ/ǔƸFţǲ B%;0�Zo�·Ƣƥǩ

ƜF«(+�x}O�ãĚÅ1ǳƲǩɧŏȐǭ�©ǟ1×�FµA+�x}O�Zo�

·ƢFčē BƁƹ�űƞ�C[13]�·Ƣ 209Biƥǩ[14]Fǟ�%Ģʮ,ŞÔF9%[15]�
�1Ǳǿ2r��Ze�ēT��r0?(+ 3He 0ũń�C[16],Ō015Bśđ,ʍ
Ɇ/įʔ0Ƞ�(%� 
 
2.3� ĳĎʢĚZtSe� 
� ɤx}O��ʍƜãĚ1ĉľǔŝ1Ɯôé-Ȅð BȮǡĳĎ1ʢĚZtSe�y

2�Ņ�ƔȞÙƙ-ȑǔŝ1¤ǭȀʕ1Ðʚ1%;0�ȮǡȀʕ>ɱƜx}O�ãĚ�

@1x}O�ĳĎʢĚZtSe�y0ư5+Ņ�ĐÜFë�B��1ƔȞÙƙ2�İĲ

T��r1ɤx}O�Zo�ýɯĢʮ,Ņ�əɠ�C+�%��ʗēƠǠT��r1Ǜ

ɞǱǿ���/EC%[17]��1ƔȞÙƙ2ʰ�Mi�R�0ɃFũ�B%;�µ�
e�

x}O�ǼĐŲǙɣ1ʟ1ʍɆ/ɁƬʨ1�)-�+əǯ�C+�B[18]� 
 



3ʵɤx}O�Ɯôéèœ  
3.1� ¾ȎĐŲǙɣ1Îǟ 

� ɤx}O�0?B¾ȎĐŲ1Îǟ2��C8,0ĢǟÜ�C%�¬2/���īƖ02

Ƥ
/ìȨŗ�Ȥ�@CB���,2țŖŗ1ʰ��)1ɜʫ0ʚ(+ɒɻ B� 
 
3.1.1� ŹĪŗcSiaLy 991ǝŞ-Îǟ 
ŹĪŗcSiaLy 99 ƜǦŗ¦(99mTc)2�Ĩùʻƈʕ,�s�_ȝFÊ�!�142keV

-��ǂġ�Ƈ�Q�wȝFǨǝ B��1ǓŗFǝ��+�ƜÝĝ-��Ýǧ1�Ëʎ

Fŷ�BʍɆ/ŹĪŗ¾Ȏ-/(+�+�ʯ�Ȫȭ�ȧ�Ǣǔȫ�Ȧȭ/.ɭ¦ïʌ0ħ

 BX�aT�y0ǟ�@C+�B�ÝĝÎǟ0ǟ�@C+�BÂŹĪŗ¾Ȏ1Å 80%�
99mTcÎǟ,�A�ǙĄāÅ1«ǟʏ2 1000 6day-Ci/ʂ (6day-Ci2�Ëʠ�ȋɂƂɓFÊ
ȴ�+�@ 6ƄŌ1ŹĪȨʏFǵ ) 0<ʈ B[19]� 
�C8,ŹĪŗcSiaLy 99 ƜǦŗ¦2�ĩǟãĚǊ0ʰǈȟL�� 235(235U)Fŭ

Á�ƜËȿèœFɦ��"�#1Ȕƙǝ!BĨù 67ƈʕ1{�qd� 99(99Mo)F©A�#
1s�_ĳĎ1Ȕƙ�ŹĪŗcSiaLy-99ƜǦŗ¦FŎ+�B[20]��0ʰŅĿ¥Mi
�R�ʜĚÕɿüFǟ�+ʰǈȟ{�qd� 100 1 100Mo(n, 2n)èœ0?(+ŎB��Ê
ƖB��Ǚƈǋ,2Ýǧ0«ǟ�C+�BŹĪŗcSiaLy 99 ƜǦŗ¦167Â+��
ãĚǊƹ0?(+�+�ş�ā1Â+1ŹĪŗcSiaLy 99ƜǦŗ¦2đā1ãĚǊƂ
ɓ�@1ɵÁ0ʪ(+�B�ɸļ0/(+��C8,ŹĪŗcSiaLy 99ƜǦŗ¦1ɉ
Ɯ{�qd� 99F­Ȗ�+�+�%đā1ãĚǊ�ȣƒÜ��ʅɯȑ�ŀƫ1ƈƏ�ɺ(
+�+�ʰÙǘ1ŹĪŗcSiaLy 99ƜǦŗ¦1�ƊǝǞƁƹ�Ʀȏ�C+�B� 
ŹĪŗcSiaLy 99 ƜǦŗ¦ǝŞ0ɤx}O�ƜĐŲFǟ�Bċð[21]�ƪ1Ƥ/Ǔ

Ő��B� 
ʷʴ500 MeV/ 300 µA1úǟʜĚÕɿü0�ēȂ¦ɋɰéƔx}O�ǨǝɀȢFȒ9ðE

"B�0?A�ĔǍ Ru�@ 2.5x1010 Bq (0.68 Ci) /12 h 1cSiaLy 99Ǧŗ¦�Ŏ@C
B�ǈȟ 100Ru F«�- 8.5x1010 Bq (2.3 Ci) /12 h 1cSiaLy 99Ǧŗ¦�Ŏ@CB� 
ʸʴ3 mA1ĩǟʜĚÕɿüF«ǟ��x}O�ǨǝɀȢF�@0ŅÜ B�0?A�ǈȟ
100Ru �@�@0ŅÓ/cSiaLy 99 Ǧŗ¦�Ŏ@C, āÅ1ʣɆ167Â+Fǃ% 
��,�B� 
 
3.1.2� ŹĪŗãĚǊŀƟǒ1ƽǇÉǛ1ìȨŗ 
� �Ȱ0�x}O�Ɯôé0?B¾ȎĐŲ,ƀ��ñ¤¾ȎFŏʏ0ÒB�0ư5�ēʏ

1ŹĪŗŀƟǒFÉǛ B�2Ƣ;+ʡ���#C0ɇð�ēʏ1ɤx}O�Fǟś B

ŒɆ��B�@,�B� �02�ǫū 5�r�\ZFɻ5B0-.;B� 
Cs137�*% 

� ʒĨùʳßǀƏʸʶļʴ137Cs1ɤx}O�Ɯôéèœ0?(+Ģɥǩ0ŹĪŗFêAʛ



���,�B�Õ�+�CsËĚFʊŧǩ0ÛóÊƖBʰËĚ�ĜĄ B1,�134CsFó;
+ƥǩ-�+x}O�Ɯôéèœ1ƥǩ- B�-�ÊƖB� 
Pu239�*% 

� ʳµ-, nʴèœ0?(+ŹĪŗFʛåÊƖB��1ʟ�Pu 2ķɈǩ0ĜĄ B%;0Ǭ�

ƥǩ- B�-�ÊƖB�ƥǩ-�+ŹĪŗ¾Ȏ�ĜĄ��#C1ʛåFǫū ċð�#

1ʏ0ɇð(%x}O�1żF­Ȗ BŒɆ��B�̫ ļǎĪFȚ�B-�+<�1g1 Pu
Fʛå B%;02ƯǺ 1014³1ɤx}O�1ÁĪ�ŒɆ-/A�ķēÕɿü�ɆB�Ō

0ɻ5Bx}O�Ɯȹð�@1�ŗĚFÎǟ B��Ȥ�@CB�ƃ0x}O� 1 ³ņ%
A1�ŗĚǨǝżF 175³-�+ġʏǩ/ɕ¯�/�C+�B[22]�Ōɻ BƤ0�?Aʃ
G&Îǟƹ�ìȨ0/(+�+�B� 

 
4ʵx}O�ãĚǅ¤1ɧȋĥËÀȎȊĚƜǒǛ  
� ɥʏ�ʢĚ1 207 ´1ɤx}O��ãĚƜɸ¹Föý Bx}O�ãĚ1ˁȝËÀ
2�ãĚƜ1ʢȴËĹ>ǳƲËĹȇ0ǯɇF��+�+�B�ƋɸʜĚ1x}O�ãĚ

ǅ¤1ɧȋĥËÀ�ȺEC%� 
 

4.1� ɤx}O�ƳȎãĚ1��W�ËÀ 
PSIǱǿš1 Pohlȇ1T��r2�x}O�ƳȎãĚ1 2Sǅ¤1�yXpe 2−2 0

)�+ 6µm1��W�Ãʱ0ŞÔ��15ppm1ȋĿ,�yXpeMi�R�Fƶġ B�

�ÊƖ%[23]��1ȔƙFɌƗ�+ʜĚßŊ� 11ppm1ȋĿ,ƶġ�C%�Ŏ@C%ʜĚß

Ŋ1¶2ʢĚŻ��@Ŏ@C%ʜĚßŊ0ư5+ 5%ĭ��¶-/(%��1ĸǦ1ɛƆ0

)�+ē�/ɡɞFøG,�B[24]� 

 
4.2� Ƭx}O�èƳȎãĚËÀ-ʾʿˀġǛ 
� ñ� 2S�yXpe 2−2   1ǂġFx}O�ƳȎ(µ�p)1èãĚ,�Bx}O�èƳȎ

µ+p0)�+Ⱥ���ÊƖB-�CPTġǛ1äĥ/ơɔ-/B[7, 25]�ɾĺȺEC+�BƳ

Ȏ(e−P)-èƳȎ(e+p)-1ưɲǂġ1x}O�Ǒ,�?Aɸɪʠǭ�©ǟ�?Aʍ��Ųv

^��ʖ� BǙɣ0ħ�+ŜĿ�čē B� 

� �1Ƥ/ǂġFìȨ0 B%;0��W�Ãʱǟ1Ēʏ1ǏMi�R�x}O�èƳȎ 

µ+p �ǝŞÊƖB,�D���ƪ0ɻ5BƤ0�ēŅĿʰɳĿɧ¥ɿµ+n�y1ǝŞ�ì

Ȩ-/(%%;�ǏMi�R�x}OhLy-¥ɿèʜĚ-1�çn�yƹ0?(+ĢǙ

�ƏŋÊƖB[27]� 

 
5ʵx}O�ĉǴǒǛ1Ƌ¿ȃǂġ  
� x}O�ĉǴǒǛ1�,ƋʍɆɜʫ1�),�BǦĺǳƲȨǘǂġ1Ǚǔ-īƖ0

)�+ɻ5B�x}O�n�yťȻ1ʃƭ0£(+�ȋĿFǤƏǩ0ò��"BĢʮ1



űƞ�ȺEC+�B� 
 
5.1� ɧ¥ɿƬx}O�-Ƭx}O�ǦĺǳƲȨǘ 
� x}O�ǦĺǳƲȨǘ1ǂġ2ƪ1Ƥ0/�CB�Zo�·Ƣ�%x}O�Fą�ǳ

ċ0ĆǬ/öýɮʇ0ȷǾ��Ä1ʕ0Zo�Ɓò1Æɮʇ�@1Zo�1·ǻFĳĎ

ʜʢĚ1ƈʕZtSe�0?Aǂġ B��C8,1ƋʰȋĿ1Ģʮ2 BNL,ȺEC�
öýɮʇFʓ�ɷ;B%;1éƔʢċ1ŉʦ�ǌ� 3.1GeV/c1ʅÚʏ,ʓ�ɷ;%x
}O�Fǟ�%�ǬŊ 14m�ǳċ 1.45T 1ȷǾ��T�ǟ�@C%�x}O�Ǧĺǳ
ƲȨǘ� 0.6ppm1ȋĿ,Ŏ@C%[26]�Ȕƙ2ƥǅǛɞ1�ǂ-ȗɐȋĿFɨ�+!
C+�+�?AȋĿ1ȱ�Ģʮ�ŋƎ�C+�B� 
� ƪ0ɻ5BMi�R�� eV �1ɧ¥ɿƬx}O�Fēʏ0Ŏ+�#CFȝćÕɿ
ü,Õɿ B�,�300MeVǽĿ1ɧ¥Mxb_�Z,àȲŗ1Ƣ;+ȱ�Ƭx}O�
n�yFÒB-�ǳċ 3T�ǬŊ 66cm ǽĿ1ĭć,ʰȋĿą�ǳċȷǾ��T0ÁĪ
��éƔʢċǌ�0ȷǾ�"B�-�ìȨ0/B��1Ţƹ,ȌȗɚĸFēĻ0ǀĮ�

"�Ƭx}O�ǦĺǳƲȨǘ1ƶġȋĿF 0.1ppm8,��Bǂġ��J-PARC,ɐǤ
�C+�B[27]� 
� ɧ¥ɿƬx}O�2�1995ļ0 KEK,ÒĘ�C[28]�ǛǱ-RAL[29]Fȓ+�J-PARC
,ƑƝǩ/ēŅĿÜ�ʈŞ�?�-�+�B��1Ɓƹ,2�ÿ 50ǵ Ƥ0�ʜĚÕ
ɿü,Ŏ@CBMeV1Zo�·ƢƬx}O�n�yFŎ+�ʰǁ_�TZc�ȸȬ0
ƫ;B-�Ƚʥ�@ǏMi�R�x}OhLy�Ǩǝ B�#1x}OhLy1ʢĚF

��W�,ÃʱɌʠ B�-,�eVO�`�1Mi�R�1 50%Zo�·Ƣɧ¥ɿƬ
x}O��ǝ8CB�_�TZc�1�EA0ĺǁ SiO2ȉƐF«ǟ B�<ÊƖB� 
 
5.2� ɧ¥ɿʰ·Ƣɤx}O�-ɤx}O�ǦĺǳƲȨǘ 
� ȋĿ 0.1ppm ,ɤx}O�ǦĺǳƲȨǘ�ǂġÊƖC3�Ƭx}O�-ưɲ�+�

CPTġǛ1ƋʰȋĿ1ơɔ-/B� 
Ƭx}O�-ñ��Fɤx}O�,Ⱥ�%;02�ɧ¥ɿZo�·Ƣɤx}O��Œ

Ɇ0/B�Ƭx}O�1ǏMi�R�x}OhLyǨǝ1Ƥ/Ǚɣ�ƏŋÊƖ/�1,�

Ķĕ�ɆB�ìȨŗ1�)-�+ƪ1Ɓƹ��Bʳÿ 6ʴ[30]�500ppm1 3HeFó:
D2Ā¦ȸȬ�0ɤx}O�Fƫ;B-�3keV1 3Hex}O�ãĚ�ŹÊ�CB��1
(µ�3He)ãĚ2Àĝǩ0Zo�·Ƣ�% Rb ãĚ-1ȼȁ,Zo�·Ƣ�"B��ÊƖ
B[16]��1Ǚɣ2¿0ɻ5%ɤx}O�Zo�1Ç·ƢĢʮ1ʟ0Ǩɇ�C%��1
Zo�·Ƣ(µ-3He)Fn�yÕɿ�+ 1MeVǽĿ,µ-- 3He0Ɍʠ��µ-FƬx}O�-

ñ�ȝćÕɿü, 300MeV 0Õɿ��Zo�·ƢʰɳĿàȲɤx}O�0 B�,�
�ɒ1Ƭx}O�ȷǾ��T0�ʢċéƔǌ�0�ÁĪ�ȷǾÊƖB?�0/B� 

 



6ʵx}O�Ɯȹð1ƀ��ʃį0:�+  
ɤx}O�F 2ʍƳȎ(d)- 3ʍƳȎ(t)1ƿðȌ0ÁCB-�ÿ 70ǵ x}O�Ɯȹð

VKS��ɦ�B[7]�¿!ĭ�/ʳƳȎʢĚãĚ1 207 Ë1 1ʴãĚ�ÊƖ+�d �@ t
41ǻȺF4+�Ãʱǩ0(dtµ)ËĚKO��ÊƖB�#1ËĚ�ĭ��%;�psǽĿ1ǰ
ƈʕ,Ɯȹð�ɦ���ŗĚ�I�pH-ɤx}O��ŹÊ�CB�#1ɤx}O�1ē

ß2�ɤx}O�1Ĩùʳ2.2wKS�Ǻʴ1ʕ0�ƪ
-ʁʑǩ0 100ý �ƜȹðFɦ

� �»�1(0.7 %ǽĿ)ɤx}O���ŗĚ-ñƈ0ŹÊ�CBI�pH0�Ǯ�CB�
�Ǯ�C%x}O�1�ʌ R 2ǀɿ�0ʢʠ�ƪ1Ɯȹð0ÕEA�#C đ�I�pH

�Ǯǘωs-/A��C�Mi�R�ǝǞŗ1�ʚF�;B� 
ʁʑèœɿĿλc 2ƪ1?�0Ɖ�B��ǯ@C+�B 1/λc = (q1sCd)/ (λdtCt) +1/(λdtµCd) 

(Cd, Ct; d, t 1ǈĿư�λdtʽ˃�@ t41ǻȺèœɿĿ�q1sʽdµ1ĉľǔŝ1ĜĄư�λdtµʽ

(dtµ)ËĚKO�ǝŞɿĿ)�#1ƈ1Ɯȹðýż Yn2�ƪ1?�0Ɖ�B  ̔ 1/ Yn = λ0/λc + ωs 

ǙĄĢǂ�C+�BƋʰ¶-�+�ƾ¦ D-T �,x}O� 1 ³ņ%A 130 ý1Ɯȹð�ɦ

�A�Mi�R�ǝǞ 2.3GeV0ħœ B��Ɓx}O� 1³©B10Ɇ BMi�R�2
ȍ 5GeV,�A�q��SK�q�0Ïʈ�+�/�[7]� 
 
6.1� Ǳǿ1Ǚǔ 
� ƃ0ĢǙ�+�+�q��SK�q�,�Bx}O�ʷ³ņ%A 300 ý1Ɯȹðýż0
��Ř-/(+�Bx}O�Ɯȹð1ʃį�Ņ�Ǝ8CB�#1Ɋǋ�@1Ǳǿ1Ǚǔ-

�Ō1įƎF �0ɒ � 
 
6.1.1� x}O�ƜȹðǱǿ1Ǚǔ 
� �C8,1ĢʮǱǿ,Ɔ@�0/(+�BĽ)�1ǋFɒ � 
HG �����#5�F
����!,81 

� x}O�Ɯȹð1ʆǽ,ǝ!BÃʱǩx}O�ËĚǝŞǙɣ��Ǜɞ1�ǂ-ġŗǩ0

�ȯ�+�ƥǩ D2 ËĚ1O�]m�ǔŝ0®Ĝ�[31]��ǏMi�R�,<ɦ�B�[32]
�Ɔ@�0/(+�B�D-T1ċð�m� D2,(dtµ)ËĚKO�ǝŞ�´č B�?AɘȐ
/ůǿ�Ǝ8C+�B� 
IG �:���������$,�9/D@ 

Ā¦ D-T �,1x}O�Ɯȹð,�I�pH0�Ǯ Bx}O��ǀɿ�0ʠȩ BǙ
ɣ0ǁĿ®Ĝŗ��B�-�Ì(+�B[33]�?Aũń�%Ģʮ�Ǝ8CB� 
 
6.1.2� q��SK�q�ʈŞ41ɖ9 
4��9/0�2? 
� �Ǯx}O��I�pH1ǦĺʠȩǙɣ[33]/.��C8,Ģʮ�/�C+�/�ǁĿ�
ĥĿʳăÓʴǜČ,ƍÎ/ƕ¡�Ŏ@CBìȨŗ��B� 



���� DT������6A% 
� ʰǁr�[w�0ʰɿ,ţ'ɷ8C%�Ǯx}O��I�pH2�ʰ�Ùǘ,ʠȩǙɣ

�ɦ�B�-�Ǜɞǩ0�ǂ�C+�B[34]� 
 
 
6.2� Ņǭʖx}O�ɍęƜȹð0?Bq��SK�q�1ĢǙ 
ɤx}O�1ʤƫ¤Ȣ,ɦ�BʁʑǩƜȹð1Ȁʕǩƣʀ2�2ʍƳȎ�1ȴʢȊĚ1ʭ

ǽ�@ȤĦ B�-�ÊƖ+�ÿ 8 1Ƥ0/B���,�ŒɆ-/Bx}O��I�pH

ȊĚ�(µα)+KO�1ʭǽ-Mi�R�1ʖ°ł2žǖ�@Ŏ+�B[35]� 

�ý�-1ƜȹðèœŌŹÊ�CBȊĚ1Mi�R�2�ƪ1?�0ɕ¯�CB�(dtµ)

ËĚKO��,�dƜ- tƜ-�ɸ*� 5HeƜ�ŇŞ�C�ɤx}O�� 5Hex}O�ãĚ

1ƔȞMi�R�10keV1ĉľǔŝ,ĵý�+�Bɽ�,�ȹðèœ�ɦ�A�ő1Ɯ�ƽ

Ė B�#1ƈ�ɤx}O�2#1 10keV 1Mi�R�,ŹÊ�CB�I�pHȊĚ2Ɯ

ȹðèœ,ƶ8B 3.5MeV�(µα)+KO�2�ñ� 3.5MeV0/(%ƈ0ŹÊ�CB�ō(+

ʁʑǩ0ɦ�BƜȹð2ÿ 8 0ǵ ?�0�ǬŊ 0.2µm 1ʩĈÅ,ɦ�B�#1ʩĈ�@

I�pHȊĚ2ǬŊ 120µm 1ʩĈ0Ǩǝ�CB�»�0Ǩǝ B(µα)+KO�2ǬŊ480µm

1ʩĈ0ŹÊ�CB� 

�1ǬŊ 0.2µm 1ĮʩĈ,ʁʑǩƜȹð�ɦ�(+�Bʟ�I�pHȊĚŹÊ�ʰMi

�R�,ɦ�B%;�µCFʩĈɸ¹,2I�pHŹÊ0?BMi�R�ŴĖ�Ʈ.ǌ� D-T

ËĚȌ2��CB�ǌ�ÃʱǩËĚǝŞȇ1ƕ¡�ĺ0ǃɩ�C�ʁʑǩx}O�Ɯȹð

�șȚ B�8%ʁʑǩƜȹðʕ,1(dµ)ãĚ1ũŻ0?BµCFʩĈ1ų@�< 10µmǽĿ

,é8B[36] 

m�Zǔx}O�n�y�Ȁʕǩ0ȕAɷ8C�D-T ƥǩ�1500µm 1ʩĈ0�ñƈ0
ʳx}O�1Ĩù 2.2µs ?AÞËǰ�ƈʕʕʞ0ʴɤx}O��Ēż³ĜĄ B(1.5�
104µ�/cm3cc/pulse �)Ƥ0/B-�Ɯȹð 1ý�-0 100³ �ŹÊ�CBI�pHȊĚ

2�x}O�1ʤƫʩĈ167ÂʩĈ0Ǩǝ�CB�#C$C1I�pHȊĚ1ǬŊ 120µm 
1ǚ1�,2�D-T Ȍ�ʰǁr�[wǔŝ0/B�200eV <1ʰǁr�[wǔŝ�1(µα)+

KO�2�KO�-�+1ʢʠǩMi�R�ŴĖ0ư5�KO�1ȼȁɌʠǙɣ((µα)+ 
�

α++ + µ�) �½¿ǩ0ɦ�B��ǯ@C+�B[25]��1(µα)+KO�1ʰǁr�[w�1Ɍʠ

Ǚɣ�ÂʩĈ,ɦ�B%;�(µα)+KO��@ɤx}O�µ��Çǝ�C, x}O�Ɯȹðʁʑ

èœ�șȚ�čē�CB� 

Petrov �µCF ǊĢǙ1%;0űƞ�%?�0[37], 100MW1GeV S�Z1ēŅĿkf�
�ÕɿüF«(+ɤx}O�F©A�ǽ
1n�y1ʰĥĿéƔFȺE"B- 1.0�
1016/cm31ʰĥĿɤx}O�n�yF D-Tƥǩ0ĬÁ,�B��C, D-Tx}O�Ɯȹð
FȺE"B-�3.5MeV 1α�ēʏǨǝ��Âr�[wǨǝʏ2 W ¶(37eV) [38]?A 1.4�

1023/cm3-/A��1�' �����  �1ʰǁr�[wǔŝĥĿ2�ʜĚ0?B H2ËĚ1ʜ



ĚȼŶʢʠ1d�_[39]�@ɕ¯�C 1.5�1021/cm3-/B��1Ƥ/ʰǁʰĥĿr�[w

ƕ¡�,2�r�[w1Mi�R�ʘƫȨ�ǀĮ�(µα)+KO�1Ɍʠ�¿Ⱥ B[25]�ō(

+R =1, ωs=00ɸ�/B��1-�λdtµ (400 µs-1) [1, 2]�φ (1.5) -Cd (0.5)-�@,  Yn 2 600�
Mi�R�ǝǞʏΕµCFout 210.6 GeV-/A, q��SK�q��Ïʈ�CBìȨŗ�Ê+
�B� 
-�D,��C@1ɡɞ0Ľ)�1ûʫ��B�Â+µCFǡƖ1 3.5MeV1α1)�Br

�[wǔŝ1ɘȐ0ʖ B<1,�B��ɒ0ɡɞ,2�D-T ËĚ1 3.5MeVα1ȼŶʢʠ

0?BʢĚ1Mi�R�Fr�[wǁĿ-�%��#C,?�1��8%r�[w1Ĩù

2.�/B���@0�3.5MeV 1α1Mi�R�ŴĖ0œ�+r�[w1ȀʕǩËĹ�Đ

Ü�?��ɘȐ/Xx}��X��ɐȈ-cZeĢʮ�ŒɆ,�B� 
� x}O�ƜȹðǙɣ2ãĚÓMi�R�Ǆ-�+Əŋ�CB�0�àȲ 14MeV�ŗĚǄ
-�+1Îǟ<Ȥ�@CB�ɤx}O� 1 ³�@ 600 ³<1�ŗĚ�àȲ,ʰɳĿ0Ŏ@
CB- C3�Ƥ
/œǟ�ʔ�?��¿ǽɻ5%ŹĪŗãĚǊŀƟǒ1ƽǇÉǛ0«�

B�<ǯC/�� 

 
ʼʵ#1�1x}O�Ɯǹĝ  
� �C8,0ɻ5B�Fʋ�+�%x}O�ƜǹĝǱǿ1�)-�+�x}O�Fǟ�

%Åʌůȏ�Kz�Y�T��YOT�pJ���B�Ëâ�ħɣǒ1ÅʌFůȏ B

%;0�Mi�R�ËĹ�ƃǯ,�Bx}O�n�yFǟ�+�Ʉż1¤ȢźŜơÊü

0?BufZU�rF«(+�ɼʆ Bʟ1ŅĿ�Mi�R�ǀȾFn�y1ȓɫ�-

0ǂB�0?Aħɣǒ1ĥĿʒʳĥĿ�ʒ�ʴËĹ�Ƶ;@CB�ñ�?�0�ħɣǒ

1ÑŌ0ufZU�rFȢ��ĒʍŻ�1ē��FǂB�0?A�Í1Ɉǋ1ĥĿʒË

Ĺ�Ŏ@CB��1ŅĿǀȾ-ĒʍŻ�1�)1Ɓƹ,2�¾Ȏż˂®Ĝŗ�Ǧ/B1

,�ñƈ0ǂB�0?A�¾ȎÍ1ĥĿʒËĹFǂB��ÊƖB�GeV Fɧ Mi�
R�FŪ)ĞĠȝx}O�1ɼʆŅĿǀȾƹFǟ�+�ǉİ¦[40]�ǆʐǊ[41]�ãĚ
Ǌȇ1Åʌůȏ�ȺEC%�Ƌɸ0/(+�ĞĠȝx}O�1ĒʍŻ�ƹ-ªǟ�+¾

ȎʊÍ�YOT�pJ�FĢǙ��ʍǲŴãĚǊǊő1L��ǐſ1ǔŝůƚ�ɐǤ�

C+�B[42]�Õɿüx}O�n�yFǟ�%ɼʆć�YOT�pJ�0<Ƥ
/űƞ
��B� 
� Õɿü>ĞĠȝx}O�Fǒɥ�0ƫ;�Ǩǝ Bɤx}O�ãĚˁȝ�ĳĎʢĚ�

Ƭx}O�x}MZI��²îȇFx}O�ʤƫ¤Ȣ1ʖż,ǂġ B�,ĢǙŎB

èĪć�YOT�pJ��ʃį��ǒɥǝù�āĂğÂȇ0Îǟ�C+�B[43]� 
 
7ʵ�EA0  
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ļ1ļƌFȓ+ŠBǽĿ1ʃƭFʄ�B��ÊƖ%�3ļ6.Ñ0ƓƑ¿ǝ0�¢��
%ƈ0�x}O�Ɯȹð�ǙĄ1Ƌē1Ǳǿɜʫ,�B-ǣ���%š��ʝËƈʕ�

��(+�B/	-���ɎȶFʧ�%�ƓƑ¿ǝ2ĺ
�ĢʮǱǿ2 3ļ 3Ƅ>	-
�(�=(+�+�IKdJIǮŚ�@Ģʮǅº��ºĢʮ8, 3ļ��A�ɞž0/
Bd�_êŎ2 3 Ƅ,ȱ��-��ś÷-ǛɌ�+�%�30 ļ<��(+§<ʃį�
+�/�x}O�Ɯȹð2�ɗ0/@/�-�ŕ�0/(%-Ŝ�+�B� 
� ƓƑ¿ǝ1�ŤÌ2�+����1ŨžFȑ�B0ņ%A�Ǹ�ʬ(+�Bx}O�

Ɯǹĝ1ņʥ1ɜʫF �1Ƥ0ȡ;+��%��#C$C�3ļ 3Ƅ	-2Ⱥ�/�
1,�ǸȮɭ1ɜʫ-��?A2�Ōɴ41zb\�Y-�"+ʧ�%�� 
1ʴ10 MWS�Z1m�Zǔ GeVȊĚÕɿüFĢǙ��ĩǟx}O�ǝŞƥǩ�ēȂ
¦ 2 ƪȊĚŮǗ�n�yʰɳĿÜFŽº��DT ƥǩÅ0 1016/(cm)3/pulse  �1ʰĥ
Ŀɤx}O�ʤƫǔŝFĢǙ B� 
2ʴŅǭʖx}O�Ɯȹð0?Bq��SK�q�FĢǙ B�Õ�+�Ņ 14MeV �
ŗĚǄFĢǙ B� 
3ʴ#1ʰŅĿ 14MeV �ŗĚǄFǟ�%ãĚǊŹĪŗŀƟǒ1ƽǇÉǛ1ɐǤFȂƞ
 B��ºĢʮFĢƂ B� 
�  �1ɜʫ1ĢǙ0?Añƈ0�x}O�ǦĺǳƲȨǘ�x}O�ʢĚǼĐŲ�ȇ


1ĉǴǒǛ1ƪ��Ģʮ�ĢǙ��ƪ���ŗĚŻ�Ƃɓ�ĢǙ B�2ȮƆ,�B� 
�  
ƋŌ0�ƓƑ¸�¿ǝ1�ÈǷF�ǶAȯ�8 -Ã0�İĲźÀ¿ǝ���Ƽ�¿

ǝ1Ǫ
1�ƻɬF�ǶA�%�8 � 
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x 1� ³» RALGI4M�Ò K1/2?x
å�9M6L?L
MgÚv
( å�COH,[��BJ:¯GI4M,Z)	~
Ï¹�¾��ì»Á�eµ�*
BJ:d�r��[�T&c�
*
')Ý-��Ò� J-PARC ®Ö´u»Á�Ò��ÒS
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x 3� ÕGI4M ®ÖS �z�u
 ®Ök�·o(Z)\��[1]
 

x 4� ÕGI4M �Çh�,½�,®
ÖSGI4Mk�|�¯� ¼¨É±
 Ê¶¯� ¼¨É±
( _¿± 
®Ök�·o\��
ðQxñ1974 �
 >O;[1]�ðRxñ�Ù >O;[9]
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

x 6� ØXÚ_¡ÕGI4M¸´ P [30]
ð�xñyY HDS
�¸´�*U­3AJ5Odµ,Z)Íé 3He � l�� 3 
keV (3Heµ)+COH,´$
ðnxñ(3Heµ)+COH, optical pump
�� Rbk��ÌÃ���:DM_¡(3Heµ)+COH,´$
 

x 5� ØXÚ¦GI4M¸´ /1>0/��²
ð�xñ­3AJ5
OGI4@2H KO8ObîÐç�ØXÚ¦GI4M,¸´�*
/1>0/[28]
ðnxñ³»RAL� ØXÚ¦GI4M¸´ÎÈ[29]

')�f�¸´Neµ�Ò� J-PARC MUSE��ÒS
 



 

 

x 8� (�x)DT GI4M�Ëq Ââ£ÛðjW!µmñ�[µ��ëÀ3AJ5O
ã]�
Üà¹�Ëq�Æ�ä)	0.2 µm ê{�×�)	� twi� 60 µm 
ê{�/JE.��c�+*
/JE.Vº²Ô�×�*�	(µα)+k�!i�
240 µm ê{��c�+*
ðnxñ500 µmÀ� °�Ââê{�ÕGI4M,¥
%	í���GI4M�Ëq,×���}q Ââ£Û �`x
 
 

x 7� ð�xñGI4MÑ��Ëq Üàl
� ¢�x
ðnxñÜàl�x,Ê¶�G
I4M,ß�*T�716Jx���& 

DT«qÄ��� 3ß©Å§,Ò���æ 
p:=<F� l�Ú�,�%�
 

Rµ(D2)(g/cm
2)*=*0.01E(MeV)1.832!

Rα(D2)(g/cm
2)*=*0,00010*E(MeV)1.825! !

Rµα(D2)(g/cm
2)*=*0.00041*E(MeV)1.825! ! !

�


