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~gÕqÑ0,� �ÕÜ
��

�XQVWDEOH� �A�Zk" �ò� ¥�. ¤ i '"È¹� �¤$� õ" �òþþ² Ã¾ �VWDEOH� �A�Zk" ¥�. � ¢æ�WM ¥�W��
�xc rf� �QXFOHDU UDGLDWLRQV� Ñ$ ¤�. �æ�æ�c� Ç¬ õ" Ñ��ZÒk ¥²�� ¥�. 
ü� æñ¢æ��1  �^N%
¤ i �UDGLRDFWLYH� Ñ�n" æÜ¡� ��ò�Æ¾� £nÒ 'ü  ��. z Ñ�æ{�� ÑM�æ� �æ.�1�� ¤� �æ%Mk°
Ñ�oR�æ+ Ø�MT{�� �ùæ�cÂ¾� �æn��� yn�ì� z �UDGLRDFWLYLW\� �ùæ�cÂ¾� �æn��æ+ �AÒæz�� �A�1
¦�æ"� ¤ ��æñ¬� ¢æ�¤È¹� üè�ç ¤ i �%HFTXHUHO� � �="+� nG3A��� S&æ��� ¿� rf� ���� ÑW`
¡�ñ¯���T�� �� i �¿�o� Ñ�n" ÑM�MTx ]VæWü æ�n�ì� ¢�0Bè� �3LHUUH DQG 0DULH &XULH� �¦��ì
��M��° Ú$ Ù°�A�� ¤ �¢�Ù° �� ¢æ»·æ��� yn�ì� i ¡ ���� ¡æ� z �UDGLXP� ¡�$��Ê¹� ¤ �SRORQLXP�

��o,Z`� �Ò ¤ i �ùæW{MÂ¾� �ùæ�cÂ¾� �æn��� �,UªQH HW )U«G«ULF -ROLRW�&XULH� �¦��ì
z Ñ$ ¤�W�� �ùô�æ�Z��  ùô� '" �ùáàÜ� �ê ÑM�MTx �ò� Ñ�n" ¥�.

~gÕqÑ0,� �gb×A�1,� �ù×�Tñ è�

t¬Ã¾ i � �ùæ�cÂ¾� �æn��� �æn�ì� ü}�æ1 � ���� ¡æ� �T�ü� �ý�� �ùô]�� ���Wk�� ¢�P÷ �ê

Ñ�$ A{+ '"È¹� õ" H�æW�i ÑM�æM Ñ�n" ��æ»· �GLVLQWHJUDWLRQ UDWH�  ùôÓ°Â¾�  o�" ¢� }æ	����
i ¢�.æ��� U�. 
ü� �Ã¾æ5ó� õM�v �ê õPÒ¦ ��oMjxWîè �ùæ�cÂ¾�  ùôÓ°Ã¾æ� z �H[SRQHQWLDO�ÑM`�
¥�W�� �o� õ" ��Ax �`æW�i �/t� ÑMW"È¹� �o»·�  ùô� Zx�þ² �ý�� �/N� ¥�W�� �o� ¢� �Ò ¤

� �N� Ñz!��� &�1 �ê ���°�»·�
/N

/t
= −λN ����

rf� Ã¾� ÍZ%M� y��þ² Ã¾ ¤ i �GLVLQWHJUDWLRQ FRQVWDQW�  ùôÓ°Â¾� Å¬æ4 
ù¿� æþ¬æ4 λ �]�g 
M¬
z '"È¹� õ" H�æW�i ÑM�MÆ¾� ¥�W�� �o� ¢� 
ü� æWÒ �òßË �−� H�æ. ��æc� z ÑM�MÆ¾� ���W�� Ñ�MTx

��



z '"È¹� *�Ã¾¿¤ õn" oMjx. ¥�. �o� �òþ1 ��� |×lÑ

� �UDGLRDFWLYH GHFD\ ODZ� �ùæ�cÂ¾�  ùôÓ°Ã¾� ¢�.æ� 
ü� æ.���$ *��æ�»·� ��

N(t) = N0 2−λt ����

z �t = 0� Ññ¢�oþ¬Â¾� Ñz!��� �ê ���°�»·� ¥�W�� �o� N0 �]�g 
M¬

ÑMW"È¹� �o»·�H �KDOI�OLIH� yRW�� A�c �A�. i Ñ��ZáàÜ� Ñ�n»·� ]VæW���  ùôÓ°� Ñ�]> ¥o" Ù°o�Z�
� �ùæ�cÂ¾� 6�,Zîè Ñ0M�s æÒ�o� yR. 
ü� Ñ�n" ¥�. H�WZ� Ñ"�ùôè�

N(t = t1/2) = N02
−λt1/2 =

N0

2

� ÍW" ¤

t1/2 =
HM 2

λ
����

z yRW�� A�c æ�{m Ã¾ ¤ '"È¹� *�Ã¾¿¤ õn" oMjx. ¥�. �o� �òþ1 ���� �xn�� æWM{�$

�ê �^K% �ý�� ¥�W�� �o�ì i A æÒ"�� ¤ i õn" ][W�� �DFWLYLW\� �ùæ�cÂ¾� �æn��� æP$� �A�.
� ][W��� �nÒ '" ÑWMü '" '"È¹� �o�¤

A(t) =

∣

∣

∣

∣

/N

/t

∣

∣

∣

∣

= λN(t) = A02
−λt ����

¡æzW�� �ê �ùæ�cÂ¾� �æn��� �o�¤ z �t = 0� Ññ¢�oþ¬Â¾� Ñz!��� �ê �ùæ�cÂ¾� �æn��� A0 �]�g 
M¬
�o�¤ �æWÒ ¤ z Ññ¯æ]�� �ê �o��¤ �xþ�1 ¦¤æÜË �� ¤ i %T æÒ"�� i �%HTXHUHO�  �="T�� �� �»·æ���

� ¦¤æÜË �� ¤ i �&L� æÒ"�� i �&XULH� ¦��þf�� �� æP$� *�¤�oZ" Ññ¯æ4

1 *B = 3.7× 1010 "[

z K*B ¤ µ*B �o+ �ùæ�cÂ¾� æÔxæßÈ �¤��ÿ$ æ" æT�æ� Ù·æáàÜ� �ê Ñ"o+Zk»·� ÑMüæ�cÂ¾� ��æR»·�

��



~gÕqÑ0,� �gb×A�1,� �Õñß| è�

�ê ÑM`æ`� �o.��� �� ¤ i �FRQVHUYDWLRQ ODZV� t�¬ �o.��� 
ü� �ùæ�cÂ¾�  ùôÓ°Ã¾� õPÒ¦
�çA5ó� ÑM�O ¤ �WRWDO HQHUJ\� ÑMjx�� Ñ�æ{�� �]" i  ¤?�" ¡æzW� ÑM`æ`� �æM�O t�¬ °¢Ó³ }æ$ �ò���

z �HOHFWULF FKDUJH� Ññ¢æ+AÔ�f�� ÑW½n�� ¤ �PRPHQWXP�

� ¡æ��� &�xc �ê æMüæ�c� Ã¾ùôÓ°� �ùZ�.

(1) → (2) + (3)

� �üæZ�æ+ ¤ �òþþ² Ã¾  ¤?�»·� ¡æzW�� �nFB ÑMjx�� Ññ¢æ+AÔ�f�� ÑW½n��

q1 = q2 + q3

� Ñ+æS++ æW� �%Ü¾ æ�� i Ñþ¬æ4 æ�d�� ÑMjx�� �çA5ó� ÑM�O �úø² ÚÌ¬

T1 = T2 + T3

� �Zþ. ¢� æWWþ�g SG '" ¤ z ¥²�� 
ü� ���M '"  �^N% 'þf� ¤ i �o,ZÜË Ã¾ ¤ �ú�1 Ã¾ Ñ�æ{��

m1c
2 + T1 = m2c

2 + T2 +m3c
2 + T3

Ñ%M��� �A�1 z �NLQHWLF HQHUJ\� ÑMìA5ó� Ñ�æ{�� T ¤ �UHVW PDVV� ¢�þk�� *"¦~ m �]�t 
M¬
� �üæZ�� �½W�� rf�  ùôÓ°ùôè Q

Q = [m1 − (m2 +m3)]c
2 = (T2 + T3)− T1 ����

z �Q > 0� ÑT°�" Q Ñ%M� Å¯�H ��� Ã¾� æP+��  ùôÓ°Ã¾� ¢�þ$ Ã¾

�α� £¡Õÿ�4,� �gb×A�1,� ��

¥�. 'ü ��æTü �Ò ¤ i �α�SDUWLFOH� α Z>k° ��oM� ÍT½R$ �DOSKD GHFD\� ¦¤æ��Æ¾�  ùôÓ°Ã¾�
'" u�}b� �nFB ¡æ��� �xn�� z ���� ¡æ� �5XWKHUIRUG� �������¤�� ÍZ�y� ÚÌ¬ �4

2>2� � ¡�M�FB�
� �üæZ��H ¢�þ$ �ùæ�cÂ¾� �æn���

A
Zs →

A−4
Z−2u + 4

2α

z ���T�� ���W��� �³æÜÊ�� oMjxW�� "�� < ¤ �¡Æ¾� ���W��� xfMÆ¾� oMjxW�� "�� ; �A5ó� �]�g 
M¬
� ùô]"

226
88 _� →

222
86 _M + 4

2α

��



z �z� 0H9 Ñ]�TW»·� α �æ%Mk9ó ÑMìA5ó� Ñ�æ{�� ¦¤æÜË ¤bÑW` ���� oMjxW�� �nFB yRW�� A�c ¦¤æÜ¾
z �ùæ�cÂ¾� �æn��� '" ��W�� �nÜ� �ò&�î �A ≥ 150� *"M�]�� ¥�W�� '" �ò]þf��

� ÑM�æZ�� Ñ�ùô��� Ñ+æS++ æW� �%Ü¾ Ñ�æ{�� �æ�Ó°�

msc
2 + Ts = muc

2 + Tu +mαc
2 + Tα

� � ¢�þ` *�æ� �ê ¡Æ¾� ���W�� ¢� ���ÿ�æ+ � ÍW" ¤

Q = msc
2
−muc

2
−mαc

2 = Tu + Tα

� æû¥1� ¢�H ��� Ã¾� æñ¢æ��1 �oÓ¦ ¢� 'þ�g Ã¾ ¦¤æ��Æ¾�  ùôÓ°Ã¾�

Q > 0

� Ñ+æS++ æW� �%Ü¾ �çA5ó� ÑM�O �æ�Ó°� i ¥²�� ÑÔ° '"

pu = pα

� ¢� �ZW�ÜÈ ÍW" ¤ z 
�TW»·� α Z>k9ó� �ç²� ÑM�O pα ¤ Ñ×³æW�� ���W�� �ç²� ÑM�O pu �]�g 
M¬

Tα =
Q

1 +mα/mu

≈ Q

(

1−
4

A− 4

)

����

z 2W �ü��¬ Ã¾� �¿ªA»·� ���W�� n�é1 Ã¾ æ%W�p ÑMjx�� Ñ�æ{�� '" 98W �ü��¬ 
�TW»·� α Z>k° n�é$

�β� £¡ÕÈ�Â�� �gb×A�1,� ��

¢¤�ÿþf�Â¾� �û¥Ù½�ñ¯ ¤ �HOHFWURQ� ¢¤�ÿþf�� ��oM� æ"� i ÍT½R$ �EHWD GHFD\� ¦¤æZ�T��  ùôÓ°Ã¾�
� �HOHFWURQLF DQWL�QHXWULQR� �æP»·�

A
Zs →

A
Z+1u + 0

−12
− + ν̄2 (β−)

� �HOHFWURQLF QHXWULQR� ¢¤�ÿþf�Â¾� �û¥Ù½�ñ¯ ¤ �SRVLWURQ� ¢¤�ÿ$ ��+ ��oM� æ"� ¤

A
Zs →

A
Z−1u + 0

+12
+ + ν2 (β+)

� ùô]"
131
53A → 131

54s2 + 0
−12

− + ν̄2 (t1/2 = 8 /)

25
13�H → 25

12J; + 0
+12

+ + ν2 (t1/2 = 72 b)

��



æÒ"�� i �HOHFWURQ FDSWXUH� �À¤�ÿþf�Â¾� ]>Æ¾� 
ù¿ª i Ñ]�æ4 �AÒæw ¦¤æZ�T��  ùôÓ°Â¾æ+ 2½�$
�½R$ ¤ i Ñ$ ��o»·� ��0�� �æ.¤�ÿþf�� '" ¢¤�ÿþf�Â¾ Ñ$ �0�� ���W�� �æRZ"� �ê �]&�î �� ¤ i (&

� ¢¤�ÿþf�Â¾� �û¥Ù½�ñ¯ ��oM� �AÒæz�� £nÒ

A
Zs + 0

−1 2− →
A

Z+1u + ν2 (1*)

� ùô]"
54
25JM + 0

−12
−

→
54
24*` + ν2 (t1/2 = 312 D)

� ÑM�æZ�� �Ã¾�æ�»·� �ê ¦¤æZ�T��  ùôÓ°Ã¾� HM¼�1 'þ�g


















M → T + 0
−12

− + ν̄2 (β−)

T → M + 0
+12

+ + ν2 (β+)

T + 0
−12

− → M + ν2 (1*)

� ùô]" β− *�æ� �ê ��æ�Z�� ���²� �æk¬ æWM{�$ i Ñ$ ��æ{�� ÑM¬æW�� '"

Qβ− ≈ [m(A,Z)−m(A,Z+1)]c2 ≈ T2− + Tν̄2

Ñ�æx ¤ ÑÔ° '" �û¥Ù½�W�� *"¦~ z �o]�TW»·� �û¥Ù½�W�� ¤ ¢¤�ÿþf�øôè ÑMìA5ó� Ñ�æ{�� Tν̄2
¤ T2− �]�g 
M¬

� æP$� æû¥1� z æ%FBæ��� 'þ�g �üæZ�æ+ ¤ ¢æZ�M�K ¥²�� ÑÔ° '" ��T�� ���W�� ��¿ª��

TK�t

2−
≈ TK�t

ν̄2

≈ Qβ−

�γ� £¡Õ�Tl�� �gb×A�1,� ��

�A� Ç¬ õ" 
À�� �éæx ¥�Zk" 
ü� ��æ]" ���.  æ�þ¯� �Ò �JDPPD GHFD\� ¦¤æ"æþ��  ùôÓ°Ã¾�
�Ô� i �γ�UDGLDWLRQ� æ"æ� Ñ�cÆ¾� ¤� ¦¤æ"æþ�� �æ�cÂ¾� 
ù¿� Ñ�æ{�� �üæ� ¢�1�� �xc rf� Ñ�æ{��

� ��æ]»·� ���0�� �Ax '" }�P�� �æ�ø¯� �AÒæw ÍTß¾

A
Zs∗

→
A
Zs + γ

� ����W�� ��¿ª�� Ñ�æx  æ��åÎ� �oM�æ{�� �o$ �Zk»·� �o+ �A��� ¦¤æÜË 
�TW»·� ¢�1���� Ñ�æx

Eγ = ∆E

�ê ��oMjxW�� y�ZÒk æÔÁZ�v �ý�� ÑM�æ{�� �æMxÆ¾� Ñ`��� �ùZ�1 z 10 J2o ¤ 0.1 �o+ ÍZ%M� �¤��ÿ1 ¤
z ÑM�æ{�� æÜ¤æ$ �Zk" Ñ�A�»· *�æ�� *"M`¤ �JDPPD VSHFWURVFRS\� ¦¤æ"æþ��  ææàÜ�

��



z 2$ Ax 'f" ��ì� 'fü 6�^N� oMjxW�  æ]" ��� |×lÑ

�Ò ¤ i �A > 5� ��æ]" �Ã¾æ� &��t �ý�� ¥�W�� �H �ê �ùæ�cÂ¾� �æn��� '" ��W�� �nÒ AÔz$
���W�� ¢Æ¾ Ñ4o,Zk»·� Ñ$ ¤�W�� �ùô�æ�Z�� �ê æP$� £o×° ¤ i ¦¤æZ�T�� ¤ ¦¤æ��Æ¾�  ùôÓ°Â¾� æT�æ� õT�i
��æ� ¢�þ$ �AÒæz�� £nFB ÑTk��æ+ �t1/2� yRW�� A�c z ��æ]" ¢�þ1 æ" æT�æ� �Ã¾æ5ó� £nÒ �ê ��T��
�Ã¾æ�þ¯Â¾æ+ �A�1 �� ¤ �ò]þ+  �x� æÜÀ� ¢�þ$ �ý�� �Ã¾æ5ó� F�+ �æWÒ 'þf� i 10−9 b Ñø²� '"
�A�1 i ¦¤æ"æþ��  ùôÓ°Â¾� æ.æM¬� �½R1 �AÒæw �æWÒ z �LVRPHULF WUDQVLWLRQV� Ñ$$��Ü¾Â¾�
�Ax '" 
�TW»·� ¢�1���� �æRZ"� �ê �]&�î �� ¤ i �LQWHUQDO FRQYHUVLRQ� xf��1��  �½Z�æ+

z ��0�� ��æ� Í+ �n�$ æ�� i Ñ$ ��o»·� ��0�� �æ.¤�ÿþf�� '" ¢¤�ÿþf��

¢¯×�| ?×»jTqÑ� �ÕæTM6 ��

oMjxW��H �y}°� 
ü� �VSRQWDQHRXV ILVVLRQ� �³æ��Z�� �æ{ßÈÃ¾� Ññ¯�x"� æFB *"M�]�� ¥�W�� F�+
�æ$ �. Ññ¢æ��1 ���R+ æ.æM¬� �oR1 ¦¤�W�� �æ{ßÈÂ¾� æÔÁZ�i �ý�� ��oMjxW�� ¢� ÚÌ¬ i 254

98*7 ¤ 256
1006K

z �QXFOHRQ HPLVVLRQ� �æ$ �W�� �æ�ø¯� �AÒæz�� £nÒ 
ù¿ª ¤ ��æ.¤Ù½�. ¤� �æ.�1¤Ù·�

�¯×ÿÈ�� �×J6 ��@

�A�Z�� �ÜÈ �ækÓ ¡��. i *�æ5ó� £nÒ �ê z 2$ Ax '" ��ì� 'ü �^K% Ñ�n»·� ��oMjxW�� F�+
ÑMjx�� ¥�W�� �o� 
ü� æ" 2$ Ax 'ü 6�^N% �ý�� ¥�W�� �o� ��� ÑTÜÈ �� ¤b�EUDQFKLQJ UDWLRV�

z 2$ Ax '" ��ì� 'ü �^K� oMjxW� Ã¾æ]" �� �xn�� æWM{�$ z oMjxW�� �nFB *T�,Z»·�

��



?×»jTqÑ1,� �gb×Ù�Ù�� è�

�R½W� i ¥²�Æ¾� �� Ñ�n" ¥�. �æþ¯� 
ü� ¦�~$ Ñ�n»·� ¥�W��  ùôÓ°� i ¢æM¬Æ¾� '" �ò]þf�� �ê
� �UDGLRDFWLYH FKDLQ� ÑMüæ�c� �ùôk�` rf� �üæZ�æ+

1 → 2 → 3 → . . .

� Ññ¢�oþ¬Â¾� Ñz!��� �ê ÑM�æM ÑWM��� ¢� ��ÿ�W� ¤ �i = 1, 2, 3, ...� ][Wü �H ¥�. �o� Ni 'þM�

N1 = N0 ; N2 = N3 = . . . = 0

æ��¤ '"È¹� õ" H�æW�i ÑM�MÆ¾� ¥�W�� �o� z �ü��Z�� rf� ]VæW��� y�ZÒk  ùôÓ°� Å¬��4 λi 'þM�
� *��æ�	<è

/N1

/t
= −λ1N1(t)

� �xc '" ��æ�»·� £nÒ ��
N1(t) = N0 2−λ1t

�o� ¢å� i �üæZ�æ+ ¤ z �^K% æ"oWü ��� �Àæ]�� ][W��� '" ���. �Z�v ���  ¤Æ¾� ][W��� '" ���. �H
ÍxæßÈ ��ÜÅ H�æW�i ¥²�� ÑÔ° '" ¤ i ��� ][W��� ¥�. Zx�1 ��ÜÅ ¿���ÿ$bÑÔ° '"b��� ¥�W��

� �Zþ. æW��×¦ æ�� i �ùæ�cÂ¾�
/N2

/t
= +λ1N1(t)− λ2N2(t)

� �æZ�»·� �xn�� rf� *��æ�»·� £nÒ �Zþ.

/N2

/t
+ λ2N2(t) = λ1N0 2−λ1t

� �xc '" ¢�þ$ æÔ�� i Å¬æ4 �ò� �Àæ4 �A{+ 
ü¤Æ¾� Ñ��1�� '" ÑM�Kæ�1 *��æ�" £nÒ

N2(t) = N0
λ1

λ2 − λ1

(

e−λ1t − e−λ2t
)

� �Ò �Àæ]�� ][W�îè �ùæ�cÂ¾� �æn���

A2(t) = λ2N2(t) = N0
λ1λ2

λ2 − λ1

(

e−λ1t − e−λ2t
)

�o��� �òþ1 ¢å� i y��þ² ÑMüæ�cÂ¾� *"k�k�� ¢� ¦� i õn" �ò� ��� 
�æ]�� ][W��� ¢� ��ÿ�. �� ¢Ç¾�
� Ñ�ùô��æ+ �{�$ N3

/N3

/t
= +λ2N2(t)

��



yf��þ² ÑfMüæ�c� Ñf�k�` ��ofMjx. �of�� 'f"È¹� Ñf�Ã¾¿¤ AfMþZ�� ��� |×lÑ
z 
f�æ]�� AfRW��� ofWü

� ÍW" ¤

N3(t) =

∫

λ2 N2 /t = N0

[

λ1

λ2 − λ1

(e−λ1t − 1) +
λ2

λ2 − λ1

(e−λ2t − 1)

]

z 
�æ]�� ][W��� oWü y��þ² *"k�k� ÑTk��æ+ '"È¹� *�Ã¾¿¤ ��oMjxW�� �o� ��{1 ���� �xn�� æWM{�$

� Ñ�ùô��æ+ �{�$ ÑMüæ�cÂ¾� *"k�k�� '%Pþ² �ý�� ÑWM�îè x�x�� �ùæ�cÂ¾� �æn���

A(t) =
∑

i

λiNi(t) = λ1N1(t) + λ2N2(t) + λ3N3(t) + . . . ����

F�×»Âé�� ~gÕqÑ1,� �ÕÜ
�� è�

æÜÊ�p '" �ý�� ]VæW��� y�ZÒk Ùæz. æÔ�" Å¯�þ1 i ÑW` �ò$ùô" �z� �ü��¬ nW" ��Æ¾� Å¯�þ1 �o�
�]L� '" ��Z«� ��Æ¾� A%�+ Ñ.�æ�" �òR� A�c u`�Z�n �ò&�î �ý�� Ñ�n»·� ÙæzW�� z Ñ�n»·� ÙæzW��
 �×½ æ" �Ô� i �$ �x A�c u`�Z�n �ò&�î �ý�� &�1 æ"� z �ùæ�cÂ¾� æFBùôÓ°� ��ÜÅ üè� ¤ i ��Æ¾�
�ùæ�cÂ¾� �æn��� �AÒæz+ �A�$ æ%M� ¡o��� nW" �M��Z»·� æFBùôÓ°� ��k�i ¤ i Ñ�MT{�� �ê ���°�"
�ùôk�` �ùô4 
ü� ÑM�MT{�� Ñ�n»·� ��oMjxW�� ���� �%Z�v z �QDWXUDO UDGLRDFWLYLW\� Ø�MT{��
*"!æ��� z ��  ¤o9ó�� æ,MÓÑ ��o� n �]�g 
M¬ i 4n+3 ¤ 4n+2 ¤ 4n *"!æ��æ+ �A�1 ÑMüæ�c�
Ññ¯æ]�� *"!æ��� ¤ i � �o�îè æ�üæP" A xfS+�� æÔ�g� ¢�þ$ �ý�� Ñ�n»·� ��oMjxW�� �H �%ßË �4n� 
ü¤Æ¾�
Å¯�H 4n+1 *"!æ��� z  ó� i 4n + 2 �o�îè æ�üæP" A æÜÀ� ¢�þ$ �ý�� Ñ�n»·� ��oMjxW�� �4n+2�

ÑM�MT{�� ÑMüæ�cÂ¾� *"k�k�� �MMæ�1 ���� �xn�� æWM{�$ z ¡�M�� �cùô1 æÜÊþf� nTæ»·� �ê ���°�"
z �4n+3� ¡�M�ZìÆ¾� *"k�` ¹>æ+ Ñ�¤A�»·�

��



7\SH 1DPH /RQJHVW�OLYHG PHPEHU )LQDO QXFOHXV

4n 7KRULXP 232
90h? (1.41×1010 v) 208

82S#

4n+ 1 1HSWXQLXP 237
93LT (2.14×106 v) 209

83"B

4n+ 2 8UDQLXP 238
92l (4.47×109 v) 206

82S#

4n+ 3 $FWLQLXP 235
92l (7.04×108 v) 207

82S#

z ÑiM�MT{�� ÑiMüæ�cÃ¾� �ùôik�k�� �� �¡Ý�

z ¡�fM�Zìüôè ÑfM�MT{�� ÑfMüæ�cÂ¾� Ñf�k�k�� ��� |×lÑ

Ñ.�æ�" �$ �x A�c u`�Z�n �ò&�î �ý�� ¥²�Æ¾� Ñ�n»·� ��oMjxW�� F�+ ��Æ¾� �]L� �ê æP$� o��$ 'þf�
z ��  ¤o9ó�� ÑMüæ�c� �ùôk�` 
ü� ¦�~1 Ã¾ æÜÊþf� i ��Æ¾� A%�+

i Ø�MT{�� �ùæ�cÂ¾� �æn�îè æñ¯æ4 ��oR" �FRVPLF UD\V� Ññ¯�þf�� Ñ�cÆ¾� �xßË i ¥²�� ÑÔ° '"
õM�v '" ��Æ¾� �n�1 ¤ �×�æ4ó� }æP��� '" �Ãé1 Ñ�æ{�� ÑM�æ� Ñ.�½n" �æ%Mk° 'ü ��æTü �� ¤
¥�. õ" ��æ�þ² i ��üôè ¦�9ó� �ùôþ�� Ññ¯�þf�� Ñ�cÆ¾� ��ÿüÒ³ æ"oWü z  �Æ¾� nW" �æÒæ×³Â¾�

��



1XFOLGH $EXQGDQFH ��� +DOI�OLIH 'LVLQWHJUDWLRQ 3URGXFWV
40
19E 0.016 1.28×109 v β−, (&, β+ 40

20*�, 40
20�`

87
37_# 27.83 4.8×1010 v β− 87

38a`

113
48*/ 12.2 9.0×1015 v β− 113

49AM

115
49AM 95.7 5.1×1014 v β− 113

49aM

�ùôfk�` 
ü� �%fZ�v Ã¾ �ý�� Ñf�n»·� ÑfM�MT{�� ��ofMjxW�� Ff�+ �� �¡Ý�
z ÑiMüæ�c�

�o�+ �ÒæÜË Ñ�n" ��oMjx. ¤ Ñ$ �.æ4 �æ%Mk° �æþ¯� 
ü� ¦�~$ æ��b��o0MkìÆ¾� ¤ �¤�Ç¾�� }��FB�
�æ�1�� ¤ �$ü u« rf� rf� õ����� �ê y��þ¥ æFB���" 'þf� i Ø�MT{�� �ùæ�cÂ¾� �æn��� �ê �M�K
��¿� ¦0�� õn»·� ¢�+ ="f�� �òz. �æWÒ i Ñ0ZW»·� Ñ�n»·� ��oMjxW�� �o+ '" z ÍM� �kÓ³ ¦0�� ¢�x»·�
£nÒ �þZÜË z �*P2� ¢�+ ="f�� oMkì� �Àæ]� �æ1æTW�� �æRZ"� ��ÜÅ ÑM5ó� �æû¢�x�� �H �y�þ1 �ê

z ��Æ¾� 'xæ+ '" Ñ�A¼Zk»·� �×���MT�� �MÆ¾� ��� ���»·� A�c �æM� ÑM��c �ê �AÒæz��

~gÕÅé»1,� ~gÕqÑ1,� �ÕÜ
�� è�

�n�+ �)U«G«ULF DQG ,UªQH -ROLRW�&XULH� �¦��ì��M��° ¢���� ¤ �Ú$ �¿�A�� ¡æ� ���� ¡æ�
'"È¹� õ" æÜ¤oc H�æW�v �2+� �æ.¤Ù½��+ �oR$ ¡�MW"��Æ¾� ¢� æz¬ùô� i α �æ%Mk× ¡�MW"��� Ñ,M�M
i ¡�MW"��Æ¾� ¥�. F�+ �DFWLYDWLRQ� uMn�þ¬ �"æ� α �æ%Mk° ¢� ¢æ»·æ��� �Ô� z ÑM`� Ñ�$ A{+

� Ñ�n" ¥�. 
ü� α Z>k° �æRZ"� o�+ ���Ó³ æÜ¡� ¦�

27
13�H + 4

2α → 30
15S + 1

0M

30
15S → 30

14aB + 0
+12

+ + ν2

¢æZ�M�� £�o� yR. A%�+ �ò&�á ¤ i �ùæW{M� õn" oMjx.  ¤� �Ô� i Ñ�MT{�� �ê ��°�" �ò� 30
15S oMjxW��

�ê ¡o+ZÜË �� ¤ i ���� �ü��Ó ¡�M�� �o�1 ÑMüæW{MÂ¾� ��oMjxW�� z �t1/2 = 2.5 KM� yR. ¤
z ÑM°���WþZ�� ¤ ÑM	���� �Ã¾ææàÜ� �ýc

��



�ÕqÑ0,� �� ?×�Tñù�� è�

æÜ¡Æ¾ i �LRQL]LQJ UDGLDWLRQV� Ñû¥~»·� �æ�æ�cÂ¾� ¹>æ+ Ñ��ZáàÜ� Ñ$ ¤�W�� �æ�æ�cÂ¾� æP$� �A�1
Ñ$ ¤�W�� �æ�æ�cÂ¾� ��ÿüÒ³ æ"oWü i ��R4ó� Í�¤ rf� z æÜÀ� �¤A»·� oWü �]AæT" ��æ»·� �o$é1 rf� ���æ�
i æÜ¤æî¥°� ¤ æÜ¤��� ��æ4� ¤ �o$éþ¬ ¡��1 ¤ Ñ�æ{�� '" ÑM�O æÜÀ�� ��û² i �OLYLQJ FHOOV� ÑM5ó� æ$ùô4ó�
��o�� 
ü� ¦�~$ o� æ�� i �³æM%Mþf�� æÜÇMìÙ½ �òþþ¥ ¤ ¹I�û² o� ÑM�4ó� �æ.�þ" F�+ ¢å� �üæZ�æ+ ¤
i }æPüÆ¾� ¤ æ$ùô4ó� }��é+ �Ò³ �Ã¾�½Z�� £nÒ z �"�x�æ+ ÑM�4ó� �ùô1� ¤� i ÑM�4ó� Ñ�Mw¤ �ê ���òþ1
�æ�æ�cÂ¾� ÑM�O rf� y��þ² ��$üÆ¾� £nÒ ���{« i õT{�æ+ 'þf� z Ñ,R�� rf� æT�` Uþ�û¥ æ��

z æÞVæRZ"�  o�" rf� ¤ ÑRZ%»·�

?×j¯§a� 	×�éÀ� ��

ÑRZ%»·� Ñ�A9ó� ��{R" ��æ� ¡o+ZÜÈ i ¢æÜÈÂ¾� ÑÓÑ rf� Ñ$ ¤�W�� �æ�æ�cÂ¾� ���{« ¥o" Z>M�Z�
u`�� �ü¤� �èF �Ax '" ÑRZ%»·� �/E� Ñ{`�Z»·� Ñ�æ{�� �� ¤ i D æÒ"�� i �DEVRUEHG GRVH�

� �/m� �ü¤Æ¾� �t_�� �nÒ *"¦~ rf� Ñ%k�" æ"

D =
/E

/m
����

� æû¥1� z *\ æÒ"�� i �JUD\� ¦�Aþ�� �� �»·æ��� ¡æzW�� �ê ÑRZ%»·� Ñ�A9ó� �æM� �o�¤

1 :v = 1 C/F;

� �üæZ��H �� ¤ i �UDG� ��Ê¹æ+ �A�1 ibÑ�go� ¥²�� �o�¤ æ.æM¬� ¡o+ZÜÈ ¤

1 :v = 100 `�/

�æ4Ç¾� �æTZüÂ¾� �o�+ n�é. ¢� ¦�¤]Y�� '" Í.å� i ¦¤�W�� �æ�cÂ¾� '" Ñ$æ���æ+ $�Æ¾� ^X�þ¥ æ"oWü
¦0�� u`��� �ê æÜÍ�æx o��1 �æ�æ�cÂ¾� F�+ ¢Æ¾ üè� ¤ z Ñ$ ¤�W�� �æ�æ�cÂ¾� y�ZáàÜ ÑM°���MT��
i ùô]" ÑM�4ó�  �{ì i �òR�  æ×k �ê ÑT`�ÿ»·� Ñ�æ{�� ÑM�O ¢� ¦� i *"$ �x ���æk"  �x rf� £�ù�1
ibUþ��� rf� ¤ z �β� ¦¤æZ�T�� ¤ �γ� ¦¤æ"æþ�� �æ�cøôè ÑTk��æ+ ùô]"  æ5ó� �Ò �nÒ ¤ i �o� �M�K
Ñ�]G0 æÜÍ�æx o��1 i �Q� �æ.¤Ù½�W�� ¤ �α� ¦¤æ��Æ¾� �æ�cÂ¾� ��$÷ rf� ib¥²�� �æWM� �æWÒ
¤ ¦¤æ��� æ��o�� i ¢æ�æ�c� æû¥1� ¢�H �� i ¥²�� ��æT�+ z �o� ��òR� ���æk"  �x rf� ��òTì
�ò]þ+ �ùì� ¢�þ$ ÑM¬ æ$ùô� Z>{Ó³  æ%Z¬� ¢å� i ÑRZ%»·� Ñ�A9ó� Ñ%M� U�. æ%FB i ¦¤æ"æ� ²�Ç¾�
Ñ$ ¤�W�� �æ�æ�cÂ¾� '" yWM �H u+Ùº i �æ�ùôZ«Â¾� £nÒ �æk5ó z ¦¤æ��Æ¾� �æ�cøôè ÑTk��æ+

��



w_ �g�cÂ¾� Ñi�MTx
1 γ / β

5 T / M

20 α

z ÑiM½M°�ÿ�� �g�cÂ¾� �ùôi"æ�" �� �¡Ý�

'ü Ã¾¿¤ ¡o+ZÜÈ ¤ i ���  ¤o9ó� �ê �oT" �Ò ÚÌ¬ �� ¤ � �o+ ÍZ%M� �¤��ÿ1 i w_ �½M°Ù½ �"æ��n
�]T �Mæ� �� ¤ i H æÒ"�� i �GRVH HTXLYDOHQW� ÑJ��x»·� Ñ�A9óæ+ �A�$ æ" ÑRZ%»·� Ñ�A9ó�
�æ�æ�c� �o�� �A�þ¥ u`�� ÑTk��æ+ z �w_� �½M°�ÿ�� �æ�cÂ¾� �"æ�" �ê �D� ÑRZ%»·� Ñ�A9ó�

� æû¥1� i ����� U�. �ê

H =
∑

R

w_ D_ ����

¡o+ZÜÈ æ.æM¬� 'þf� z 6Y æÒ"�� i �VLHYHUW� �A�Mk�� �� �»·æ��� ¡æzW�� �ê ÑJ��x»·� Ñ�A9ó� �o�¤
� �üæZ��H �� ¤ i Ñ�go��� �UHP� S7Ê¹� �o�¤

1 ap = 100 `2K

��{R" æP$� ¡o+ZÜÈ i Ñ1¤æ�Z" Ñû¥~»·� �æ�æ�cÂ¾� }��� ÍZÁÜÈ� ¤ ¹I9ó� }æPü� ÑM`æk¬ ¢� æ�n ¤
�n�� �MÜÈ ¤� �Pü �H �ê ��AâàÜ� ÑJ��x»·� �æ�A9ó� ���NH �� ¤ i �H�HFWLYH GRVH� *�æ���� Ñ�A9ó�
£nÒ �oÜ¤ z ÑMæ� ÑM½M°Ù½ �ùô"æ�"  ùô� '" �æ�cÂ¾æ+ ÙÀéZ�� �ê �¤æ�Z�� �nÒ �æTZüÃ¾� �o�+

z �6Y� �A�Mk�� �o��+ ¥²�Æ¾� �� �o�1 ¤ i �üæ�vÂ¾� �]Y�� Z>M�1 
ü� Ñ�A9ó�

�ÕJ60,� ã×»AÙ ~X �ÕqÑ0,� �Õ� ùÈÙ� ��

�ý�� Ñ�n»·� ¥�W�� ¤ i �FRVPLF UD\V� Ññ¯�þf�� Ñ�cÆ¾� � �ùô4 Ñ�MT{�� �ê ¦¤�W�� �æ�cÂ¾� ��æR"
Ññ¯�þf�� Ñ�cÆ¾� ��k�v z ��Æ¾� �]L�+ ���°�»·� Ñ�n»·� ]VæW��� ¤ i ¢æÜÈÂ¾� ¹I° �y�þ1 �ê ��¿ª
õ����� �ê æÜÍ%M� 'þf� i ��Æ¾� �{` rf� oc�� ¢æÜÈ� ¹I9ó ÑTk��æ+ 0.25 Kap æÒ�o� Ñ$ �W` Ñ�²� �ê
¦¤æÜË i 4000 K £�o� �æ�1�Ã¾ ÑTk��æ+ i ùô]" z �æ�1�Â¾� õ" ���×½ ¤ �A��� u« rf� y��þ²
rf� ��°�" �Ò æ" ��$� � �ü��¬ ¦� i 2 Kap Ññ¯�þf�� Ñ�cÆ¾� æÜÀ� ��k�v �ý�� Ñ$ �Wk�� Ñ�A9ó�

��



Ñ�²� 
ü� ¦�~1 æÜ¡å� i ¢æÜÈÂ¾� ¹I° �ê ���°�»·� Ñ�n»·� ��oMjxW�� æ"� z ��Æ¾� �{` ¥�Zk"
¤ �8� ¡�ñ¯���M�� ÑMæ� i ��Æ¾� �]L�+ ���°�»·� Ñ�n»·� ]VæW��� ��ò�� ¤ z 0.17 Kap æÒ�o� Ñ$ �W`
X��$ �ý�� Ñ�{W»·� �kÓ üè� ¤ i 0.2�0.4 Kap  ææàÜ� �ê Ñ$ �W` Ñ�²� 
ü� ¦�~1 i �7K� ¡�$ ��]��
i ÑM�MT{�� Ñ$ ¤�W�� �æ�æ�cÂ¾� õ" yMþ1 o� ¢æÜÈÂ¾� ¹I° ¢� 
ü� æWÒ ��æcÂ¾� �o×³ ¤ z ¢æÜÈÂ¾� æÜÀ�
�ýc ��$÷Æ¾ ¢æÜÈÂ¾� æÜ§o,Z`� �ý�� �æ�æ�cÂ¾� �ê '�=1 *�xn»·� z ÍZÓÑ rf� A{« ¦� �]�t Ã¾ �Ô�

z �nÓ æÔ�" �"æ�Z�� �×¦ �ý�� ¤

?×� ¡ùÅ�� �ÕjTqÑfbV ?×»�ù�ù»Â�� �Õ¢5,� ��

ÑZM»·� æ$ùô4ó�  �oT�`� ZK$ 
M¬ i ��A��mæ+ æ$ùô4ó� ¿�o×³ ¦]L��� ¹I9ó� Ñ0ÜÈ� ¤ }�°�� �z�" �ê ZK$
�òTì �o� y�þ¥ i Ñû¥~»·� �æ�æ�cÂ¾� '" ÑM�æ� �æ�A9ó �A�Z�� oWü z *"M��Z" ���R+ �¿�o� æ$ùôÒ
�Mk��� o�� 
ü� ¦�~$ o� ¦0�� $�Æ¾� i æÞT���Z`� '" æ$ùô4ó� }æû¬ ��æ�� ÑM��c õM{ZÜË Ã¾ ¤ æ$ùô4ó� '"
¢�þ$ i �æM5ó� ��A��mÃ¾ Ñ$ �¤]Y�� Ñ$ �M5ó� }�°�Æ¾� '" �P��� ¤� �Mk��� ¢�H ��� ¤ z Í�!æw�� �P��� ¤�

z �æ�cøôè �A�1 ¦0�� � �v�x�� ¤� � H¼n�� üè0� ÑM%Z5ó� Ñ0M�W�� �Ò ��»·�

¦0�� H¼n�� U�. �ê rfbN% æ"� � ÑM5ó� �æû¢�x�� Ùæ` ¤ � ¢æÜÈÂ¾� rf� Ñ$ ¤�W�� �æ�æ�cÂ¾� ���ò4é1
¤ Í!æû¬� 
ü� ��Z�v æ"� ¤ i �VRPDWLF H�HFWV� Ññ²�0�� �æ4Ç¾æ+ ¾�oWü �A�1 ¤ i �æ�cøôè �A�þ¥
�oÓ³ o� ��ò�Æ¾� £nÒ z �KHUHGLWDU\ H�HFWV� Ññµ����� �æ4Ç¾� nJ�M¬ �%ÜË ¤ i ÑM�æZ��  æM°Æ¾�

z Ñû¥~»·� �æ�æ�cøôè ÑM�`æWZ�� }æPüÆ¾� �A�1 oWü

'" ��òTì ÑM�=� �A�Z�� oWü �oÓ³ �ý�� �="T»·� �æ4Ç¾� Ã¾¤� �æWÒ z ¢æ�WM æÒ�¤¿¤ Ññ²�0�� �æ4Ç¾�
��æ� ÙÀ� ¤� Ñ$ ¤�. *"TW� �æ0�.� oWü ùô]" i ��æ�æk�� F�+� �òR� ��¤ �ê Ñ$ ¤�W�� �æ�æ�cÂ¾�
��$ü� �ê �]&�î ¤ i �GHWHUPLQLVWLF H�HFWV� ÑM%Z5ó� �æ4Ç¾� æP$� �%ÜË ¤ i ¦¤�. ��æ��n �ò{«
�ê ���¤ �Ò ÚÌ¬ i �P��� Ñ�MTx rf� æÜÍ%M� y��þ² ÑTZü ÑRZ%»·� Ñ�A9ó� �¤æbN% æ"oWü �oÓ³ ÑMK$�
�æÔ9ó� ¤ �%PFB� �æÔ9ó� æ$ùô� �� Ñû¥~»·� �æ�æ�cÂ¾� }��� ÑM`æk¬ ��ìÆ¾� Ñ0ÜÈÆ¾� z ���  ¤o9ó�
Ññ¢��nü ���R+ AÔz1 �ý�� �²�éZ»·� ��]TÆ¾� �æWÒ SG z 1"9ó� ¤ �o��� Ñ`o� ¤ �%z��� �æ+W�� ¤ xf`æWZ��
�A�1 ¤ i �M�K �o�+ ¢�H �� ¤ �ý¬ �y~" �æ�cÂ¾ �A�Z�� '" �$ �x '"� o�+ Ññ¯�x` ÑJ� ¥1�

�ê ¤ �FDQFHU� ¢æx]I�� �$� �ê ÑMæ� �]&�î ¤ i �VWRFKDVWLF H�HFWV� Ññ¢��n��� �æ4Ç¾æ+ æP$�
ÑTZü �æWÒ U�� i ÑM%Z5ó� �æ4Ç¾� Uþ� rf� z �JHQHWLF DQRPDOLHV� Ññµ����� �Ã¾ùôZ«Ã¾� F�+
��k�i �ý�� *"M�P�� �æ�A9ó� z ÑRZ%»·� Ñ�A9ó� Ñ%M� õ" ¿���ÿ$ æÔü��¤  æ%Z¬� 'þf� i Ññ¢��n��� �æ4ýôè
'" Ñ$æ���� oWü i �üæZ�æ+ ¤ z �²�éZ»·� ��]TÆ¾� £nÒ �]" 
ü� ¦�~1 o� ÑMT{�� �æM�½��� ùô]" æÜÀ�

À�� oWü �æ�A9ó� ¢�þ1 ¢� rf� �AÓ° ¢� �Ò ¤ i æM`æ`� �oT" �ù�Ùº ¢� æWM�� i Ñ$ ¤�W�� �æ�æ�cÂ¾�

��



��¯Ô¹4,� ?Ôq»Âæ ?ÔÀÈ�)%� ?Ôj¯§a� ?ÔÂÈj ùÔ¾q��
Ñf`o��� ¡æfZü� 0.5 :v 'fM���

}æfPMT�� ¡of�� �æf$ ®� Hf�. 1 :v ¡of��
}�AfãÓÎ� ¡of�� �æf$ ®� �æfþ¯� yf��1 4.5 :v

¦of�� �f�x 1 :v of�9ó�
¢æfM]÷ 1−2 :v �%fPFB� �æfÔ9ó�

}æf�"Æ¾� ¤ �of�»·� Ñf+æM� 4−6 :v

}æfk��� ofWü �f�ü 2.5 :v ÑfM�`æWZ�� �ofþ��
 æf°Ê¹� ofWü �f�ü 5 :v

Ñf$ �M5ó� of�� 1−2 :v ÍfÏÌ¬é+ �fk9ó�
�%fZ¬ ��f" � �ôæf"� ��f" � Ñf+�TM÷ 15 :v

z Ñfû¥~»·� �æfüæ�cøôè ÑfM%Z5ó� �æf4Ç¾� �� �¡Ý�

�æ�cÂ¾� '" Ñ$æ�ðÞ� ÑM»·æ��� ÑW%��� nV�1 ¤ z �$/$5$� ���Ã¾�� �oT�n �A�$ æ" �Ò ¤ i æFB 'þ�� o�
ÑTk��æ+ ÑWk�� �ê 1 Kap ¤  æ%�îè ÑTk��æ+ ÑWk�� �ê 20 Kap ÑJ��x»·� Ñ�A9ó� �¤æbN% Ã¾ ¢é+ �,&53�

z �æW�� Ñ"æ��

��


