
���������	��
 ��
���
���������� � �����	� �!�

"$# %'&	(*),+.-0/0-213)$15476389/0:;),<
=*>@?A>CBEDGFIH0F2JKDLBM>ON	PQF2N	RODLSUTVSWFYX9FYN	Z	[]\C^`_Ka*bdceFYH0SUBGPf>CTgSUXihKjfFIF2N	RkDGSCTgS@DLlmF2JfFIjAJ

DG>CT7>OnfS�DGop?flqH0SrPQFYNsSUBGPQFYJ�PQF
10−10 m t TVlmF2JKDLBM>CX$hUjAFgFYNsJKuAH2NpFYS�DGlmF2JfF7jfJ�DG>CTg>CnfSPQFYNvSUBGPQFYJ�PQF

1 fm = 10−15 m
b]=wSUX@H0SUJAXxDGlyDGjfzCF2JKDLF{X@PQF2NiJduAH0NmF2S|>kDG}CTglqH0SrXLSCJ�PfF

PQSKX~DLlm?�SUXY�U?fBLSCDLSUJfFYXszVJfF2jfDLBGSCJfF{X2bU��>OT@��SUXvPfF�jfJ�TgSQPQS@H0SUJk�xjfJUDGSWXEF�NmFYXiPQF2JfSUTVlmJA>
Zw�*\U^�_da�Z]_d�Cb�=wSKX�?fBGSODGSCJfFYX�DLlmF2JAF2J�H2>CBL�K>7?�SKXElpDLlm�k> t TglmF2JKDLBM>CXIhKjfFVNmSUX�JfFYjQDLBGSCJfF{X�JfSDLlmF2JAF2J�HY>OBG�U>Ab]�dlmF2JAPQS�>UXEo t~� ?�SUBghUjA�3NpSKX@JdjAH0NmF2SUJfFYXVXLF�FYJAH0jfFYJUDGBG>CJ��xjfJKDLSUXVFYJ�jfJA>?�FYhKjfFYnA>;BGF2�Ulp}UJ,PQF2NUF{XE?A>UH0lmS;FYJ,�CFY�vPQFvFYXEDM>OB*XEjfFYNyDGSUX�HY>CPf>;jfJASelmJAPQF2?�FYJAPQlmF2JUDGF2TgF2JKDLF��
=�>VBGFYXL?fjfF{XxDM>WFYX;Nm>W��jfFYBL�{>VJKjAH0NmFY>CB���jfF2BLDLFUb
�~�E�s� � �~¡U�~¡£¢9¤�¥	¦x§��]¨f§*¡�©ª§�¢�§w¨f«v¬E�®­�§¯¦L°x«s�~­�¤�¨f��±,²s¨�¢�¤�¥	¦x§w³v¢
=*>I��jfF2BG�Y>,JKjAH0NmFY>CB~��jfF2BLDLFeF{X~Nq>,hKjfFeT7>OJUDGlpFYJfFejfJflqPQSUXv>´NmSUXsJKjAH0NmF2SUJfFYXvPQF2JKDLBGS$PQF2N

JKu�H0NmF2S t z7Nq>@T7>O�CJflpDGjAP�hKjfF´H0jA>CJUDLlpµ�HY>WH0}UTVSVPQF���>��CSCBM>O�fNmF�F2JfF2BG�C�2DLlqH2>CTVFYJUDGF�FYX9FYXEDG>jfJflm}CJ�FYX´Nq>._dZ*_K¶k·�¸�¹�º]_�^`»�·�¹fº]��¶k¹
B
hKjfFg?A>CBG>3jfJ�JKu�H0NmF2S�H0SUJ

Z
?fBLSCDLSUJfFYXIz

NJfFYjQDLBGSCJfF{X,¼
A = Z + N

JKjAH0NmF2SUJfFYXM½ A
ZXN

F{X2�

B(Z,N) =




Nmn + ZmH − m

(
A
ZXN

)

︸ ︷︷ ︸¾i¿{ÀEÁÂ¿ X
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PQSUJAPQF
mn
FYX�Nm>�Tg>UXL>�PQFYN�JfF2jQDGBL}UJ t mH

F{X�Nq>�T7>CXG>�>kDL}UTglmHY>�PQFYN�ÃflqPQBL}U�CF2JAS�z
m

(
A
ZXN

) Nq>VT7>CXG>V>kDG}CTglqH2>VPQF A
ZXN

b
B
F{XgNq>�F2JfF2BG�Coq>�hKjfF�ÃA>O�ABLoq>�hKjfFrPf>CB�>ONeJKuAH2NpFYS�?A>CBG>�PQFYXGH0SCTg?�SUJfF2BGNpS�F2J XLjAX

H0SUJAXEDLlpDLjfzCFYJUDLF{XWS t PQlqHGÃfS�PQF3SCDLBGS|TgSQPQS t Nq>|F2JfFYBL�Uom>|hKjfF�XLF3�U>CJA>r?�SCBWDLFYJfF2Bg>|NmSUXJKj�H0NmF2SCJAFYX���SCBGT7>OJAPQS3jfJ�JKuAH2NpFYS�F2JÄ�CFY�gPQFVF{XxDM>OB´XLjfF2NpDLSKX2b	ÅrjAHGÃA>UXI�CFYH2FYX´XEFgPQlm�dlqPQF
FYXEDG>7FYJfF2BG�Coq>gF2JKDLBGF$FYN*JKufTgF2BGS�PQF@JKj�H0NmF2SCJfF{Xez.XLF$ÃA>C�fNm>�PQFW_dZ]_K¶�·�¸�¹�º*_Ä^`»�·�¹fº]��¶k¹
Æ aA¶�Zw�]\C^�_dÇ�Z B/A

b
È�É2Ê2ËeÌ�ÍpÎ�Ï

=�>£F2JfFYBL�Uom>£PQF�Nmlp�K>CPQjABG>�?�SUB.JKj�H0NmF2}CJ!?A>CBG> 23
11Na12

XG>O�AlpFYJAPQS�hKjfF
mn =

1,0086645 uma t mH = 1,007825 uma t m
(

23
11Na12

)
= 22,9898 uma

z
1 uma = 931,5 MeV/c2

FYXY�

B(Z = 11, N = 12) = [11mH + 12mn − 22,9898]c2 = 186,5598 MeV

Ð�Nq>VF2JfFYBL�Uom>VPQF,Nplm�U>UPQjfBM>@?�SUB;JKjAH0NmF2}UJw�
B(11, 12)

A
= 8,11138 MeV

=�>�FYJfF2BG�Coq>�PQF�Nmlp�K>CPQjfBM>£?�SCBrJKjAH2NpFY}CJ¯?�>OBM> 62
28Ni34

XL>C�flmF2JAPQSÑhKjfF
mn =

1,0086645 uma t mH = 1,007825 uma t m
(

62
28Ni34

)
= 61,92835 uma

z
1 uma = 931,5 MeV/c2

FYXY�

B(Z = 28, N = 34) = [28mH + 34mn − 61,92835]c2 = 545,251 MeV



Ð�Nq>VF2JfFYBL�Uom>VPQF,Nplm�U>UPQjfBM>@?�SUB;JKjAH0NmF2}UJw�
B(28, 34)

A
= 8,794 MeV

�vBLSQH2FYPQlmF2J�PQS;PQFYNCTVlqXLTVSeTVSfPQS9DGF2JfFYTgSUXwhKjfF B
A

(
1
1H0

)
≈ 1,12 MeV t BA

(
9
4Be5

)
≈

6,46 MeV t B
A

(
12
6 C6

)
≈ 7,68 MeV t B

A

(
56
26Fe30

)
≈ 8,79 MeV t B

A

(
232
90 Th142

)
≈

7,62 MeV
b
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�Ql�XLFrH2>CNmH2jfNq>�Nm>�FYJfF2BG�Coq>�PQFrNplm�U>UPQjfBM>Ä?�SUB7JKj�H0NmF2}CJ H2SCTgS�>UH2>O��>OTgSUXgPQFrTgSUX	�

DLBM>OBI?A>OBM>�H2>CPA>�F2NmF2TgF2JKDLS3zrXLFWBLFY?fBLF{XEFYJUDM> B
A

��BLFYJUDGFV>CN]JKufTgF2BGS3T7RCXLlmH2S
A t BGFYXEjANyDM>H0j�>ONmlyDM>kDLlm�k>CTgF2JUDGF´Nm>gXLlp�UjflmF2JUDGF´�CBMRkµ�H2>f�

=*>rH0jfBG�k>�PQF�Nm>��UBGROµ�H2>�F{X$Nq>.lmJUDGF2BG?�SCNq>CH2lp}UJ�ÃfF{HGÃA>r>CNsDLSUT7>OB$NmSUX$�k>CNpSUBLF{X,PQF�Nm>
F2JAF2BG�Coq>�PQFrNplm�U>UPQjfBM>�?�SUB�JKjAH2NpFY}CJ���BLFYJUDLF|>CNeJdufTgF2BGS�T7RCXLlmH2SAbi�dlmJ�FYT@�A>OBG�CS�Jfl�Nm>
H0jABL�O>3FYX$H0SUJUDLlmJdjA>�JflsNmSUX,�k>ONmSCBGFYXI?A>OBM>�HY>CPf>�F2NmF2TgFYJUDLSrXLF7>k�xjAXEDG>OJ�F�
f>CH0DG>OTgFYJUDLF7>
Nq>ÄTVlqXLTg>Ab~�eNm�CjAJfSUXgH0SUTgSÄF2N 4He

DLlmF2JfF2J£jfJA>�F2JfF2BG�Coq>ÄPQF�Nmlm�U>UPQjfBG>|?�SCBgJKjAH2NpFY}CJ
T7>{zCSUBIhKjfFgRODLSCTgSKX�PQFgTg>�zCSCBIJKufTgFYBLS�TgRUXElqH0S�H0SUTgS3F2N 9Be

�
7,07 MeV

��BGF2JUDGFg>
6,46 MeV

b
=�SVhKjfF´XEo	XLF��CF2BGlpµ�H2>@FYX�hUjAF�FYN�T7R�
QlpTgSVPQFINq>WH0jABL�O>$FYXEDGR@FYJ3Nm>@�YSCJA>@F2J�DGSCBGJfSW>

A = 60
¼ 56Fe

� 62Ni
½0b�
vXEDLSKX9XESUJ�NpSKXvF2NmF2TgFYJUDLSKX9hUjAF�?fBGFYXLF2JKDG>CJ7Nq>$T7R�
QlpT7>$F2JfFYBL�Uom>

PQF3Nplm�K>CPQjfBM>�?�SCBWJKjAH2NpFY}CJ�PQF�DLSfPQSUX@NmSUX@F2NmF2TgFYJUDLSKX2b��]SUB@DG>CJUDGS t XESUJ�NmSUX@FYNpFYTVFYJUDGSUXT7RCX$FYXEDG>C�fNpF{X2b�
sNmNmS|hKjflpFYBLF�PQFYH2lpBWhKjfF�XLSCJ�NmSUX$JKuAH2NpFYSUX@hUjAF�BLF{hUjAlpFYBLFYJ�T7RCX$F2JAF2BL�Uoq>
?A>CBG>@PQF{XLH2SCTg?�SCJfFYBLNmSUXsFYJ3XLjAX9H0SUTg?�SCJfFYJUDLF{XiS t PQlqHGÃASVPQF�SCDLBGS@TgSQPQS t hKjfF´H0jA>CJAPQSVXEF��SCBGT7>OJ�Nplm��F2BM>OJ�TgRUX�F2JfFYBL�Uom>Ab

�*SUTg>CJAPQS@H0SCTgS$BLF2��F2BGF2JAH2lm>,F2N�T7R�
QlmTVS@PQF�Nq>$H2jfBL�O> t �YXEDG>$hKjfF{Pf>$PQlm�dlmPQlqPf>$F2J�PQSUXBM>OT7>CXYbO� Nq>´lm�YhKjflmF2BMPf>,PQF2NAT7R�
dlmTgS,Nm>$H0jfBG�k>´FYXvH0BGFYH0lmF2JKDLFeH2SCJ
A t F2JKDLSUJAH0FYXv>ON�H0BGFYH2F2BF2N�JdufTgF2BGSÄT7RCXLlmH2S|Nq>ÄF2JfF2BG�Coq>|PQF�Nmlm�U>CPfjfBG>r?�SUBVJKjAH2NpFY}CJ£>OjfTgF2JKDG>�H0SUJ�NpS�hKjfF3jAJ

F2NmF2TgFYJUDLS.FYXIT7RCXIF{XxDM>O�fNmF.¼�?�SCB´NmS��CFYJfF2BM>ON ½�hUjAFVF2Ns>OJKDLF2BGlmSCB{b�
vNpNmS.hKjflmF2BGFVPfFYH0lmB,hKjfF
XLl	jfJflmTgSUXePQSUX�JKu�H0NmF2SUX�Nmlm�CF2BGSUX9?A>CBG>@��SCBGT7>OB�jfJ.JKuAH2NpFYSgT7RCX�?�FYXG>CPfSgH0SUJ

A < 60
FYJ

FYXLFV?fBGSQH0F{XES�XEFgNplm��F2BM>�FYJfF2BG�Coq>fb�� F{XxDGFV?fBGSQH0F{XES3F2J�F2NshKjfFgXLFV�CFYJfF2BM>OBGom>�FYJfF2BG�Coq>�PfF
SCBGlm�CF2J3JKj�H0NmFY>OBeXLF´NmF,PQFYJfSCTglmJA>�� �*�{»�Ç�Zib
��Nq>3PQF2BGFYHMÃA>3PQF2N T7R�
QlmTgS�Nq>3H0jfBG�k>�F{XIPQF{H0BGFYH0lmF2JKDLFVH0SUJ

A
?�SUBINpS�hKjfF t FYJ|FYXEDG>�2SUJA> t jfJA>�PQlqXETglmJKjAH2lp}UJ�F2J�F2N;JKufTgF2BGSÄT7RUXElqH0SÄÃA>UH0F�TgRUXWF{XxDM>O�fNmF.>ON�JKuAH2NpFYSAb�
sNmNmS



hKjflmF2BGFIPfFYH0lmB;hKjfF´BLSUTg?flpFYJAPQSWjAJ3JduAH0NmF2Sg?�FYXG>CPQSVF2J�PfSUX9JduAH0NmF2SUX�TgRUX9TgFYPQlq>OJfSKX�H0SCJ
A > 60

XEFgNplm��F2BM>3F2JfFYBL�Uom>Ab�� F{XxDGFV?fBGSQH2FYXLS t F2J�F2NshKjfFVDG>CT@�flm�2J�XEFg�CFYJfF2BM>�F2JfFYBL�Uom>JKj�H0NmFY>OB t XEF,NpF$PQF2JfSUTglpJA>�� �{»�Ç�Zvb

vJ�>CT@��SUX,H2>CXLSUX t Nq>�F2JfFYBL�Uom>3Nmlp��F2BM>CPA> t hKjfF7XLjfF2NmF7XEFYB,PQFYN~SUBGPfF2J�PQFYN MeV

?�SCB
JKj�H0NmF2}CJ t XEF$?fjAFYPQFW>O?fBGS��CF{HGÃ�>OB;H2SCTgS7Nq>g?ABLSQPfjAH0lqPf>g?�SCB�H0jA>CNmhKjflmF2BeSCDLBGS�PQF$NmSUXe?fBGS��H0F{PQlmTVlmF2JKDLSKX9DGBG>UPQlmH2lpSUJA>ONmFYX�PQF,�CF2JAF2BM>CH0lm}CJ3PfF´FYJfF2BG�Coq>fb

� SUTgS�Nm>�BM>OT7>�>�Nq>�lp�{hKjflpFYBGPf>�PfF2N TgR�
QlpTgS�DGlpFYJfFWT7>�zCSCB�?�F2JAPflpFYJUDLF t >ON]?ABLSQPQj �H0lmBMXEF´Nm>W��j�XElm}CJ.XLF´Nmlp��FYBG>VT7>{zCSUB;H2>CJUDLlqPf>UP�PQF´FYJfF2BG�Coq>W?�SCB;JKjAH2NpFY}CJ.hKjfF,F2J�Nq>Wµ�XLlp}UJwb
�]SUBsDG>OJKDLS t Nm>´��jAXLlp}UJ7FYXsF2JAF2BG�C�0DGlmHY>OTgF2JKDLF;T7RCX~��>��CSCBM>O�fNmF�?A>OBM>´?fBLSfPQjAH0lmBsF2JAF2BG�Coq>´hKjfFNq>Wµ�XElm}UJ�>CjfJAhKjfF´F{X9DLF{H0JfSUNp}U�ClqH2>OTgFYJUDLFIT7RUX;PQly��oqH0lmN*PQF,H2SCJAXLF2�UjflpB{b

�g# ��:;&�-04W(]:��,<])@8i-��@4 < )$1�-0)$8v(*-
	�)
��>{z�T@jAHMÃfSKX$JduAH0NmF2SUX@F2J�Nm>rJA>kDGjfBM>ONmF2�Y>�hKjfF3XESUJ�FYXEDG>C�fNpF{X t FYXWPQFYH0lmB t ?�F2BGT7>OJfF �H0FYJ�XLlpFYTV?ABLF´H0SUJ3NpSKXiTglqXLTVSKX9JKufTgF2BGSUX�>ODL}CTglqH0SWz�T7RCXLlqH0SAbf�dlmJ3FYT@�A>OBG�CS t Ã�>{z7SCDLBGSUXJKu�H0NmF2SUX´hKjfFgFYXL?�SCJUDMROJfF{>OTgF2JKDLFgXEFWDGBG>CJAXE��SCBGTg>CJrFYJÄSODGBLSKXIPQlqXxDGlpJKDLSUXYbw� FYXEDLSUX´XLFVNmFYX

NmNm>CTg>|¶�¹Aº*»`¹f\
�{»���a��Ub��~>OBM>rHY>CPf>r�O>ONmSCBWPfF
A
ÃA>�z�jfJfSÄSÄPfSUXWJKuAH0NmF2SKXWFYXxDM>O�fNmFYXYb�
sN

H2>CBL��SUJfS t ?�SUB$Fx�xFYTV?ANpS t XLF7F2J�H0jfFYJUDLBM>.FYJ�Nm>�JA>kDGjfBG>CNpFY�Y>.H2SCJ�PQlqXEDLlmJUDLS|JKufTgF2BGS�T7R��XLlmH2SA� 12
6 C, 13

6 C, 14
6 C
b	� JKuAH2NpFYSUX´H0SCJÄlm�CjA>ON

Z
?�F2BGS�PQlqXxDGlpJKDG>

N
XLFWNmFYX´PfF2JfSUTVlmJA>

»��{Ç��Ya Æ a��Ub���F3DGSQPQSKXWNmSUXVlmXL}ODGSC?�SKXWPQF�H2>UPf>|F2NmF2TgF2JKDLS t >CNp�UjfJfSUXVXLSCJ�FYXEDG>O�ANpF{XWz�Nm>T7>{zCSUBLoq>WXLSCJ3BM>CPQlq>CH0DLlm�CSUXYb��]SUB�FE�xF2Tg?fNmS t F2N 12
C
F{X�FYXEDG>O�ANpF´TglpFYJUDLBM>CX;hKjfF´F2N 14

C
FYX

jfJ.JKuAH2NpFYSglmJfFYXEDG>C�fNpF,SgBG>UPQlm>UH DGlp�CS�b
���E�s� �Ä°E±,²v¡�­e§ ­e§*¡K°L¢ �Q§�«s¨f�~¥	°x²v¢�§�¡�¨f�~­�°E� ¥ �f°��]�~¡��

α, β, γ
�


vJ�Nm>.J�>kDLjABG>CNpFY�Y>�Nm>.T7>�zCSCBGoq>�PQF�NpSKX,JKuAH2NpFYSUX$hKjfF�XLF�H2SCJfSQH2F2J�XLSCJ�BM>CPQlq>CH0DLlm�CSUX
>OjAJAhKjfF$JfS7DLSQPQSKXeXLF@PQFYXLlmJUDLFY�CBM>OJ�PQF$Nq>7TglmXLT7>V��SUBLT7>Ab���>{z�DGBLF{X;��SCBGTg>UXeH0SUJfSQH0lqPf>UX
PQFWBG>UPQlq>CH DGlp�dlqPf>CP.NmNm>CT7>CPf>CXY�

α t β z γ
b�=�>CX

α
z

β
DLBM>OJ�Xx��SUBLT7>OJ�jfJ|JKuAH2NpFYS�F2JrSCDLBGS

PQlp��F2BGF2JKDLF t TglpFYJUDLBM>CX@hKjfF�Nq> γ
Ã�>CH0F�hKjfF�FYNvJduAH0NmF2SÄPQlqXETglmJKjfzU>|XEj�F2JfFYBL�Uom>.?�FYBLSrJfS

H2>CT@�flq>�XEj£JA>kDGjfBG>CNmF2�Y>Ab�
sJ�FYXxDGF�>O?A>CBEDM>CPQSÄFYXEDLjAPQlq>OTgSKXVNm>UXgH2>CBG>UH DLFYBLoqXxDGlmHY>CXWPQF.NmSUX
PQlqXxDGlpJKDLSKX9DGlp?�SKX;PQF$PQFYXLlmJUDLFY�CBM>CH2lpSUJfFYXiBM>CPflm>UH DLlm�k>UX2b


vJ�H0jA>CNmhKjflmF2BePQFYXLlmJUDLFY�CBM>CH2lp}UJ�JKjAH2NpF{>OBeXLF,PQF2��FYJ.H2SCJAXLF2BG�k>OBY�
Nq>VF2JfFYBL�Uom>
F2NwTgSCTgFYJUDLS7NplmJfFY>CN
F2NwTgSCTgFYJUDLS�>OJf�UjfNm>CB
Nq>gH2>CBL�K>@F2Nm�YH DGBLlqH2>
F2NwJdufTgF2BLSgT7RUXElqH0S

� SCJ�F{XxDM>CX�lqPQFY>CX�FYJ�TgF2JKDLF,�CF{>OTgSUX�HY>CPf>WDLlm?�S7PfF,PQF{XElmJUDGF2�UBG>UH0lm}CJw�
� b�=�>gPQF{XElmJUDGF2�UBG>UH0lm}CJ

α ≡
4
2He++

2

¼�JKuAH2NpFYSUXePQF 4He
½


sJ�NmSKX�?ABLSQH2FYXLSUX�BG>UPQlm>UH DGlp�CSKX
α
FYNIJduAH0NmF2S£SCBGlp�UlpJA>CNIXEF|DGBG>CJAXE��SCBGTg>�F2J�SODGBLS

H0SUJ PQSKX7?fBGSODGSCJfF{Xgz£PQSKX7JfFYjQDLBGSCJAFYX7TgF2JASUXr¼�JKuAH2NpFYS�BLF{XElqPQjA>CNq½ t FYXG>CX�H2jA>kDGBLS?A>CBEDGomH2jfNm>UX~��SUBLT7>OJ�jfJA>@?A>OBLDLoqH0jfNq>
α
hKjfF�XLF�F2TglpDLFIH0SUJ�H0lmF2BLDG>$F2JfFYBL�Uom>$H0lmJf�2DLlqH2>



z�FYXWNq>ÄhKjfF3?fjfF{PQF�lpJKDLF2BM>CHYH0lmSCJA>CBWH0SUJ�NmSUXVXLF2BGFYX@�dlm�CSUXWz�XLF2BV?�F2Nmlp�UBLSKXL>�?A>CBG>
F2NmNmSUXYb

(A,Z)
α

−→ (A − 4, Z − 2) + α

	�xFYTV?ANpS��

238
92 U

α
−→

234
90 Th +α


vXEDLSKXI?ABLSQH2FYXLSUX�Nplm��F2BM>OJÄF2JfFYBL�Uom>�zU>.hUjAFVNmSUXI?fBGSQPQj�H DLSKXIPfFVNq>�PQF{XElmJUDGF2�UBG>UH0lm}CJ
FYXEDGRCJ�T7RCX�Nplm�U>UPQSUX�hKjfF$FYN*JKuAH2NpFYS�lmJflqH0lq>ON b�=�>7FYJfF2BG�Coq>7XLSC�fBM>OJKDLF$XLF@jAXL> t FYJ|XEjT7>{zUSCB]?A>OBLDLF t ?A>CBG>�Pf>OB F2JfFYBL�Uom>�H0lmJf�0DGlmHY>I>�Nq>�?�>OBLDLoqH0jfNq> α

z$>CNKJduAH0NmF2SIBGFYXLlmPQj�>ON b
�dSUJgNq>CXs?A>CBEDGomH2jfNm>UX

α
F2TglyDGlmPA>CXsNq>CXvhKjfFelpJKDLFYBG>UH2H0lmSCJA>CJgH0SUJgNq>,Tg>ODLFYBLlq>´zWÃA>UH0F2J

?�F2Nmlm�CBGSUXG>@?A>OBM>WNpSKX;XEFYBLF{X9�dlm�CSUX9Nq>VBM>CPQlq>CH2lp}UJwb

=�>UX@?�>OBLDLoqH0jfNq>CX
α
XLSCJ�?�SQH0SÄ?�F2JfF2DLBM>OJUDGFYXWz��A>CXEDG>CJ�jfJfSKXW?�SQH0SKX

cm
PQF�>ClpBGF

?A>CBG>W?A>CBG>CBLNq>CX2b
� b�=�>gPQF{XElmJUDGF2�UBG>UH0lm}CJ

β ≡ e−
S

e+
¼`PQF2N�JKuAH2NpFYSK½

=wSKX$?fBGSQH0FYXLSUX,BM>CPQlq>CH DGlm�CSUX
β
XLF�?fBGFYXLF2JKDG>CJ�F2J�PQSKX$TgSQPf>ONmlqPf>CPQF{X2��Nq>rPQFYXLlmJUDLF �

�CBM>CH2lp}UJ
β−
z�Nm>gPfFYXLlpJKDLF2�UBG>UH0lm}CJ

β+
b


sJ�Nq>.PQFYXLlmJUDLFY�CBM>CH2lp}UJ
β−
jfJ�JfFYjQDLBG}CJ

n
XEF7H2SCJd�KlmF2BLDLFgF2J�jfJ�?fBGSODG}CJ

p t T7RCXjfJ3F2NmFYH0DLBG}CJ
e− t T7RCXijfJ�>OJKDLlmJfF2jfDLBGlpJfSWFYNpF{H DGBL}UJflmH2S νe

b 
sN
e−
H2BLF{>CPQS@?�SCB9FYXEDG>

DLBM>OJ�Xx��SUBLT7>CH2lp}CJ.PQFYJUDLBGS�PfF2N�JduAH0NmF2S�XLF,FYTglyDGF t �xjfJUDGS�H2SCJ.FYN*>CJUDLlmJfF2jfDLBGlpJfS t H0SCJH0lmF2BLDG>VF2JAF2BG�Coq>WH2lpJA�0DLlqH2>Ab
n

β−

−→ p + e− + νe

� SCB*DG>OJKDLS t F2J@jfJ@?fBGSQH2FYXLS β−
jfJWJKuAH0NmF2SIXLFsDGBG>CJAXE� SUBLT7>;FYJ@SODLBGS�H0SCJ@jfJ@?fBGSODG}CJ

T7RCX�z�jfJ.JfFYjQDLBG}CJ�TgF2JfSKX2�

(A,Z)
β−

−→ (A,Z + 1) + e− + νe


	�xFYTV?ANpS��
137
55 Cs

β−

−→
137
56 Ba +e− + νe.


sJ�Nq>3PfFYXLlpJKDLF2�UBG>UH0lm}CJ
β+
jfJÄ?ABLSCDL}CJ

p
PfF2JUDGBLS.PQFYN JduAH0NmF2S.XLF@DGBG>CJAXE��SCBGTg>�FYJ

jfJ�JfF2jfDLBG}CJ
n
T7RCX´jfJ�?�SUXLlpDLBG}CJ

e+
¼�>OJKDLlm?A>OBLDGomH2jfNm>.PQF2N

e−
H2SCJ�lp�UjA>ONmFYX´?fBGS��

?flmFYPf>UPQFYX�?�F2BGS�H0SUJrHY>OBG�U>g?�SKXElpDLlm�k>K½ t T7RCX�jfJ|JfFYjQDLBGlmJfS�F2NmFYH0DLBG}CJflqH0S νe
b 
sN

e+H0BGFY>UPQS�?�SUB@FYXEDG>.DGBG>CJAXx��SUBLT7>UH0lm}OJ�PQFYJUDLBGS|PQFYNiJduAH0NmF2SÄXEF�F2TglyDGF t �xjfJUDGSÄH2SCJ�FYNJfFYjQDLBGlpJAS t H2SCJ.H0lmF2BLDG>VF2JAF2BG�Coq>WH2lpJA�0DLlqH2>Ab

p
β+

−→ n + e+ + νe

� SCB3DG>CJUDLS t F2J'jfJ�?fBGSQH0F{XES β+
jfJ'JduAH0NmF2S£XLFrDGBM>OJAXE��SCBGTg>�F2J'SODGBLS�H2SCJÑjAJ

JfFYjQDLBG}CJ�T7RCX�z�jfJ.?fBGSODG}CJ3TgF2JASUXY�

(A,Z)
β+

−→ (A,Z − 1) + e+ + νe


	�xFYTV?ANpS��
121
54 Xe

β+

−→
121
53 I +e+ + νe



=�>WF2JfF2BG�Coq>$Nmlp��FYBG>UPf>$FYJ�Nq>WPQF{XElmJUDGF2�CBM>CH2lp}UJ�XLF�FYTV?ANpF{>@F2J�Pf>CB9F2JfF2BG�Coq>@H0lmJf�2DLlqH2>
>ON

νe(νe) t >ON e−(e+)
z@>ONdJKu�H0NmF2SIÃfl �xSAbO=wSKX*JfFYjQDLBGlpJASUX]lpJKDLFYBG>UH2H0lmSCJ�>OJ$T@jfz$?�SQH2S

H0SUJÄNq>�Tg>ODLFYBLlq>3zrJfS�XLSCJÄ?�FYNplm�CBGSUXLSUX�?A>OBM>3NpSKX´XLF2BGFYXI�dlp�USUXI?�F2BGS�NmSUX
e−
S

e+F2TglpDLlqPQSUX@XLlslmJUDLFYBG>UH2H2lpSUJA>OJ�H0SCJ�Nq>.Tg>ODLFYBLlq>�z�XESUJ�NmSUX$hKjfF�hKjfF7ÃA>UH0FYJ�hKjfF�Nm>
BM>CPQlq>CH2lp}UJ3XLFY>V?�F2Nmlp�UBLSKXL>@?A>CBG>WNmSUX;XLF2BGFYX��Klm�CSUXYb
=�>VBM>CPQlq>UH0lm}CJ

β
FYXePQF,?�FYJfF0DGBG>UH0lm}CJ3TgF{PQlm>Ab

� b�=�>gPQF{XElmJUDGF2�UBG>UH0lm}CJ
γ
¼�BM>CPQlq>CH2lp}UJ�FYNpF{H DLBGSCT7>C�CJf�2DLlqH2>U½0�

�*BG>UX�Nq>;PfFYXLlpJKDLF2�UBG>UH0lm}CJ
α
S

β
PQFsjfJ,JduAH0NmF2S t JASCBGTg>CNpTgFYJUDLF~FYNCJKuAH2NpFYS;BGFYXLjfNpDG>CJUDLFJfS�XLF,FYJAH0jfFYJUDGBG>7F2JrXLj.F{XxDM>CPQSg��jfJ�Pf>OTgF2JKDG>CN*XLlpJAS7F2J�jAJ�FYXEDG>UPQS7F�
fH0lpDG>UPQSAb 
sN

JKu�H0NmF2S7XLF,PQFYXLF�
fH2lyDM>WFYTglyDGlpFYJAPQSg��SODLSUJfFYX t F{X;PQFYH2lpB t BM>CPflm>UH0lm}CJ γ
b

(A,Z)∗ −→ (A,Z) + γ


	�xFYTV?ANpS��
198Au

β−

−→
198Hg∗ +e− + ν

198Hg∗
γ

−→
198Hg +γ

=�>7BM>CPQlq>CH2lp}UJ
γ
FYXeBM>CPflm>UH0lm}CJ�F2NmFYH0DLBGSCT7>O�UJf�0DGlmHY>gPQF@>CNyDM>gFYJfF2BG�Coq>ghKjfF@lpJKDLF2BM>CH��

H0lmSCJ�>VH2SCJ�Nm>VT7>ODLF2BGlq>Wz�?�F2JfF2DLBM>WT@j�HGÃfS7F2J.F2NmNm>Ab
�����;� �$§	© ­e§¯­�§�¡d°E¢ �Q§w«s¨f�~¥	°E³v¢ª¨f�~­�°E� ¥ �Q°��]� ���~¥ �f° �e°E­��~­

��FIDLSQPQSKXiNmSUX9JKuAH0NmF2SKX9H2SCJfSfH0lqPQSUX9XE}UNpSWjfJfSKXi?�SfH0SUX9XLSCJ�F{XxDM>O�fNmFYX t FYN�BGFYXEDLSVXLSCJ�BM>��PQlq>CH0DLlm�CSUXY�kXLF9DLBM>OJAXE��SCBGT7>OJ@FYJVSODGBLSKX*FYTglyDGlpFYJAPQS´BM>CPflm>UH0lm}CJ@S´?A>CBEDGomH2jfNm>UX XEFY�CufJg>CHY>O�A>��
TgSUXsPfF;�CFYBYb 
sNA?ABLSQH2FYXLS´PfF;FYTVlqXLlp}UJgBG>UPQlm>UH DGlp�O>�?�SUB~?�>OBLDLFePQF2N�JKuAH0NmF2S$FYXslpJ�XxDM>OJUDMROJfFYS
?�F2BGSVSU��FYPQF{H0F,>VjfJA>gNpFYz�F{XxDM>CPQoqXxDGlmHY>fb 
sJ.F{XxDGF,>O?�>OBLDG>CPfSWFYXEDLjAPflm>CTVSKX�FYXEDG>VNmF2zCb
�QleF2J£jAJ£lmJAXEDG>OJKDLF

t0
DLF2JAF2TgSUXgjAJA>�T@jfF{XxDGBG>�H0SUJ

N0

JduAH0NmF2SKXgBG>UPQlm>UH DGlp�CSKX t >ONH2>C��S�PQF�jfJ�DLlmF2Tg?�S
t
hKjfFYPf>CBGRCJÄFYJ�Nq>.T@jfF{XxDGBG>�XElmJ�PQF{XElmJUDGF2�UBG>CBGXLF

N(t)
¼�F2NvBGFYXEDLS t

N0 − N(t)
XLF´ÃA>O�fBMROJ�PfFYXLlpJKDLF2�UBG>UPQSWDLBM>OJAXE��SCBGT7ROJAPQSKXEF�F2J.SODGBLSVJduAH0NmlqPQSK½

N(t) = N0e
−λt .

λ
F{X$jfJA>rH2SCJAXEDG>CJUDGF�HY>OBM>CH0DLF2BGoqXxDLlqH2>.PQF3H2>UPf>.JduAH0NmlmPfS|PQFYJfSCTglmJA>CPf>r\Ca�Z]� �{¹fZ �{_£º]_
º]_K�{»`Z �Y_d·�¶k¹f\C»`Ç�ZibQ�¯�CF{H0FYX;XLF,PQF2µAJfF,Nm>g�{_���»��w»�º]¹�PQF,jfJA>7XEjAXEDG>CJAH0lq>VH2SCTgSA�

T1/2 =
ln 2

λz.FYX�F2N*DLlmF2Tg?�S�hUjAF@jfJA>�?�SC�ANm>UH0lm}CJrPQF
N0

JduAH0NmF2SUX�BM>CPflm>UH DLlm�CSUX�DM>OBMPf>7FYJrBLF{PQjAH0lmBMXEF
>VNq>VTglyDM>CP

N0/2
�

N(T1/2) =
N0

2
= N0e

−λT1/2
−→ T1/2 =

ln 2

λ=*>,Tg>C�CJflpDLj�P7hUjAF�Pf>,Nm>,BM>O?AlmPQFY�eH0SUJ7hKjfF�XEF�PQF{XElmJUDGF2�CBM>´jfJA>,T@jAFYXxDGBM>´BM>CPQlq>CH0DLlm�k>
FYX;Nm>g¹A\
�Y» �w»�º]¹fºi�

A(t) = −

dN(t)

dt
= +λN0

︸︷︷︸

A0

e−λt = A0e
−λt = λN(t)



=*>�>UH DLlm�dlmPA>CP�DGlpFYJfFWPQlmTgF2JAXLlpSUJfFYX�PQF
[T−1]

z.XEjrjfJAlmPf>UP�F2JrF2N XElqXEDLF2T7>�lpJKDLF2BGJA>��
H0lmSCJ�>ON	FYX�FYNw��FYH2hKjfFYBLFYNplmSA�

1 Bq = 1

PQFYXLlmJUDLFY�CBM>CH2lp}UJ
s

�]SUB;BM>O�2SUJfFYX9ÃflqXxDG}CBGlmHY>CX�XLF´jAXG>@DM>OT@�flm�2J.F2N � jfBGlmSA�
1
� jfBGlpS

= 1 Ci = 3,7 · 1010 Bq

������������� ¹fº]»�¹A\
�Y» �w»�º]¹fº Z]¹ �Y�*¶k¹f^

vNw��F2Jf}UTVFYJfS�PQF,FYTglmXLlp}UJ�BM>CPQlq>CH0DLlm�k>WJfS7ÃA>7XLlmPfSglmJK�CFYJUDG>UPQS7?�SCB;FYNwÃfSUT@�fBGF,XLlpJfS

PQF{XLH2jf�flmF2BEDGSAb ��SfPQSUXgNmSUX7F2NmF2TgF2JUDGSUX t F�
fH0FY?QDLS�NpSKXgT7RCX7Nmlp�UF2BGSUX t XEF�?fBGSQPQjk�xFYBLSUJ�?�SUBBGFY>CHYH0lmSCJfF{XvJKjAH2NpF{>OBGFYXiFYJ3F2N�lmJUDGF2BGlpSUB�PQFINq>CX9FYXEDLBGF2NmNm>UX2b � SUTVSVBLF{XEjfNpDG>UPQSVPQFIF{XL>UXiBLF{>CH �
H0lmSCJAFYXwXLF~?fBGSQPQjk�xFYBLSUJ´>CNp�UjfJfSUX	F2NmF2TgF2JKDLSUXwFYXEDG>C�fNmFYX	?�F2BGS;Nm>;T7>{zCSUBLoq>iFYBG>CJIBM>CPQlq>CH0DLlm�CSUXYb
�;hUjA�2NmNpSKX ?fBGSQPQjAH0DLSUX BG>UPQlq>CH DGlp�CSKX]H2SCJgXEFYTglp�dlqPf>CX~H0SUBEDM>CX�¼�F2JgNm>´FYXGH2>ONq>IPQF�DLlmF2Tg?�SUXsPQF2N
jfJflm�CF2BMXLSK½	ÃA>CJ$lqPQSIPQF{H2>�zCF2JAPQS�>�F2NmF2TgF2JKDLSKX*FYXEDG>O�ANpF{X t ?�F2BGS�PQF9>CNp�UjfJfSUX*H0SUJ@XLF2Tglm�KlqPf>UXNq>OBG�U>CX@¼

T1/2 > 105
>OnfSUXM½ t >�?�FYXG>OBIPfFWlmB´PQFYHY>{zCFYJAPQS t DLSfPf>{�doq>�hKjfFYPf>�jfJA>���BG>UH2H0lm}CJPQFeNmSUXsH0BGFY>UPQSUX SUBLlm�ClmJA>ONmTgF2JKDLF�zWFYXEDGRCJgF2J7Nm>´J�>kDLjABG>CNpFY�Y>���SCBGT7>OJAPQS,?A>OBLDLFePQFeJdjfFYXEDLBGS

F2JKDLSUBLJfS�bQ=�SUX�T7RCX�lmJUDGF2BGFYXG>OJUDGFYX;XLSCJw�
238

U (radiactivo α)
H0SUJ

T1/2 = 4,47 · 109
>CnfSUX

235
U (radiactivo α)

H0SUJ
T1/2 = 7,04 · 109

>CnfSUX
232Th(radiactivo α)

H0SCJ
T1/2 = 1,41 · 1010

>CnfSUX
=�SUX9PfFYXGH0F2JAH2lpFYJUDGFYX�PQFIFYXEDLSKXvDLBGFYXiDG>CT@�flp�YJ�XESUJ�BG>UPQlq>CH DGlp�CSKX

β
z
	�S

α
z�PA>OJ�Nmjf�K>OB

>,Nq>$>O?A>CBLlqH0lm}CJ7PQF�Nm>UX~DLBGFYXvXLF2BGlpF{X~BM>CPQlq>CH0DLlm�k>CX~JA>kDGjfBG>CNmFYX2b � >CPf>,jfJA>@PQF�F2NmNm>UXsF2Tg?flmF2�Y>
F2J.NpSKX�JKjAH2NplqPQSKX�TgF2JAH2lpSUJA>CPQSKX�>OBGBGlp�A>Wz�DLF2BGTglpJ�>VF2J�lqXLSODLSU?�SUX�PQFYN

Pb
b

�;PQFYTgRUX�PQFsNmSUXwlmXL}ODGSC?�SKX�BM>CPQlq>CH DGlm�CSUX�JA>kDGjfBM>ONmFYX	ÃA>�z�T@jAHGÃfSKXwlmXL}ODGSC?�SKX�BM>CPQlq>CH0DLlm�CSUX
>OBLDLlpµ�H2lm>CNpF{X2b�
vXEDLSUXVÃA>CJ�XLlmPfS�H0BGFY>UPQSUX@?�SUBVF2N�ÃfSUT@�fBGF t �AlpFYJ£>|?fBGSC?�}UXLlpDLSÄH0SUJ�µAJfF{XTg�YPQlqH0SKXiS@�AlpFYJ3H0SUTgS@?fBGSQPQjAH0DLSUXilpJAPfFYXEF{>CPQSKXiPQF�NmSUXi?fBGSQH2FYXLSUXvPQF�µ�XElm}CJ�JKj�H0NmFY>OB�hKjfF
XLF´?fBGSQPQjAH0FYJ3FYJ�Nq>CX;H2F2JUDGBG>CNpF{X9JdjAH0NmFY>CBLF{X2b
�����;� ��
M§�¥ �Q²i¡ �I°x²i¦x³s«v°E¥�²v¡�­e§ ¦x��¨f�~­�°x�~¥	°x³i¢

�*SQPfSUX�ÃfF2TgSUXIFYXGH0jAHMÃA>CPfS3>CNp�UjfJA>��CFY�VhKjfFVNm>3BG>UPQlq>CH0lm}CJrFYXI?�F2B`�xjAPQlqH0lq>ON ?A>OBM>�NmSUX
XLF2BGFYX*�dlm�CSUX t ?�F2BGS � PQF;hKjf�i��SCBGT7>�BGFYH0lm�flmTgSUX*F{XL>�BG>UPQlm>UH0lm}CJ��iz � ?�SCB~hKjf�9F{X]?�F2Nmlp�UBLSKXL>U���F2?�FYJAPQlmF2JAPQSgPQF´PQSUJAPQF�F{XxDG��Nm>$��jAF2JUDGFIBM>CPQlq>CH0DLlm�k>,Ã�>{z � ��SUBLT7>UXiPQFI>C�CBGFYXLlp}CJ�PfF
Nq>CX�BM>CPQlq>CH2lpSUJfFYX9>CNwXLF2B;ÃKjfT7>CJfSA�
� ¶�¶k¹fº]»�¹f\U»�Ç�Z��,H0jA>CJAPQS�Nq>g��jfFYJUDLFWBM>CPQlq>CH0DLlm�k>gFYX�F�
dDLFYBLJA>7z�Nq>7BG>UPQlq>CH0lm}CJ.NmNpFY�U>�>ON]XEFYB

�dlm�CSÄ>�DGBG>��CFYXWPQFYN�>OlmBGF�z�SODGBLSKX$T7>kDGF2BGlm>CNpF{X2b 
sJ�FYXEDG>ÄXElpDLjA>UH0lm}CJ�Nq>rBM>CPflm>UH0lm}CJ
T7RCX$?�FYNplm�CBGSUXG>�FYX@Nq>

γ
zU>rhKjfF��{XxDM>�?fjfFYPQF��dlq>k�E>OB$Nq>OBG�U>UX,PQlqXxDM>OJAH2lm>UX,FYJ�>ClpBGF

XLlpJ�?fBGSC�ANpFYTg>UX´zÄ>O��FYH DM>OB$>.jfJ�XEFYB,�dlm�CS.NpFE�xSUX$PQF�PQSCJAPfF�XEF7ÃA>.?fBGSQPQjAH2lmPfS.Nm>
F2TglqXElm}CJ�BG>UPQlm>UH DGlp�O>fbC=�>UXsF2TglqXElmSCJfF{X

α
XE}UNpS$�dlm>k�E>OJ7jAJfSUXv?�SQH0SKXsH2F2JUDGomTVF2DLBGSUXsFYJ

>OlmBGFIz��A>CXEDG>VjfJ.?A>O?�FYN	?A>CBG>W?�>OBM>OBGNm>CX2b
� a�Z �Y¹ ��»�Z]¹f\C»`Ç�Z���H0jA>OJ�PQSeNq>;��jfF2JKDLFiBM>CPQlq>CH0DLlm�k>;XLFvlpJ�H0SCBG?�SCBM>;>ONKXLF2B��dlm�CSe?�SUB�TgFYPQlmS

PQF�lmJfÃA>CNm>UH0lm}CJ t lmJf�UFYXxDGlm}CJwbmbpb�
sJ3FYXEDLFIH2>UXES t Nq>CXiBG>UPQlq>CH0lmSCJAFYXsTgRUXv?�FYNplm�CBGSUXG>CXvXESUJNq>
α
zgNq>

β
b��vXEDG>CXi�dlm>k�E>CJ7?�SfH0S@F2J�F2N�DLFE�xlmPfSW�Klm�CS@z t ?�SCBvDM>OJKDLS t PQFE�E>OJ�DLSQPQSWXLjF2JAF2BG�Coq>$F2J�NmSUXvDGFx�xlqPQSUX9�dlm�CSUXi?�SCB9NpSKX9hKjfF�?�>CXG>OJ�?fj�PQlpFYJAPQSV?fBGSQPQjAH2lpB�Pf>OnfSKXvFYJ

F2NwlmJUDGF2BGlpSUB;PQFYNwSCBG�U>OJAlmXLTVSAb




vN9?�F2Nmlm�CBGS|PQF�Nq>rBM>CPQlq>CH2lp}UJ�BLF{XElqPQF�F2J�hKjfF�DLBM>OJ�XETglpDLF�F2JAF2BG�Coq>�XLjQµ�H2lpFYJUDLF�H2SCTgS
?A>CBG>,lpSUJflm�Y>OBvNq>$Tg>ODLFYBLlq>fb 
vJ�FYN�H2>UXES@PQF�Nq>$TgSCNm�YH0jfNq>$PfF�>O�UjA>7¼`>O?fBGS 
dlmT7>CPf>CTgF2JUDGF;FYN
���

%
PQFgNm>3T7>CXG>3PQF2NsH0jfFYBL?�S�ÃKjfT7>OJfSd½ t Nm>3BM>CPQlq>CH2lp}UJrNm>�PQF{XLH2SCTg?�SCJfFWFYJÄBM>CPQlqH2>CNpF{X

OH−
z

H+ t >OT@��SKX�XLSCJÑ>ONpDG>CTVFYJUDGFrBLFY>UH DGlp�CSKXgz£?fjfFYPfF2JÑH2SCT@�flmJA>CBGXLF.z£BGSCTg?�F2BH0�YNpjANm>UX��Clm�U>OJKDLF{X�PQF´NmSUX;XLF2BGFYX��dlp�CSKX�Pf>CJAPQSgNpjA�U>OBe>VF0��FYH0DLSKX2�
� a ��� �Y»�\Ua�� ����JA>�?�FYBGXLSCJ�>gF 
d?AjfFYXEDG>�>�BM>CPQlq>CH2lp}UJ�XLjQ��BLF@�YN XE}UNpS�Nq>CX�H2SCJAXLFYH2jfF2JAH2lm>UX2b

� SCBIFx�xF2Tg?fNmS t jfJ|F2Jf��F2BGTVS�XLSCTgF0DGlmPQS3>�BM>CPQlmSODGF2BM>O?flq>7XEjf��BLFWNq>�H2>ClmPA>�PQF2N ?�F2NmSAb=�>�F�
Q?�SUXLlmH2lp}UJ�>7NmSUX�BG>�zCSUX;jfNpDLBM>��KlmSCNmF0DM>7PQFYN �dSCN]XLlpJr?fBGSODGFYH2H2lp}UJ�HY>OjAXG>7HY>OJAH2F2B
PQF,?flmF2N t F0DMHOb

� _dZ
	 �{»�\Ca�� ��=�>rBG>UPQlm>UH0lm}CJ�>k��F{H DG>|>ON9H0}QPQlm�CSr�CF2JA�0DLlqH0Srz�PfjfBG>CJUDGF��CFYJfF2BM>CH2lpSCJAFYX$XEF
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� DGBLSKX ?fBLSU�fNmF2T7>CX~PQF;NmSUX~BLF{>CH0DLSCBGFYX]JKj�H0NmFY>OBGFYX JfS,BGF2Nq>CH2lpSUJA>CPQSUX PQlmBLF{H DM>OTgF2JKDLFeH0SCJ
Nq>V�CF2JAF2BM>CH0lm}CJ3PfF´FYJfF2BG�Coq>VXESUJw�

c;F{XElqPQjfSKX�BG>UPQlm>UH DGlp�CSKX2�Q>ONmTg>UH0FYJA>OTglmF2JUDGS t lpJAH2lpJfFYBG>UH0lm}CJ t bmbpb
c;F{XElqXxDGF2JAH2lm>g>CJUDLF$>O�UF2JUDGFYX�F�
dDLFYBLJfSKX2�dDLFYBLBGF2TgSODGSUX t >kDG>UhKjfFYX t bmbmb
c;F2��BLlm�CFYBG>UH0lm}CJw�QH0SCJKDG>CTVlmJA>UH0lm}CJ�DL�YBLTglqH2>fb

�e���;� �;¤�¡d°x³v¢
�QF@NpNq>OT7>g��j�XElm}CJ|>ON*?fBGSQH0F{XES7?�SUB�F2N H0jARON]PQSKXeJduAH0NmF2SKXeNmlm�CF2BGSUX�XEFWH0SUT@�flpJ�>OJ�?A>CBG>

Pf>CB Nmjf�U>CB~>IjfJfS´T7RCX ?�F{XL>UPQSAbO=�>IF2JfFYBL�Uom>�Nmlp��FYBG>UPf>�FYX~PQFe>O?fBGS 
dlmT7>CPf>CTVFYJUDGF �
MeV?�SCB;JKj�H0NmF2}CJ.F2J�Nq>VBGFY>CHYH0lm}CJ

2
1H1 + 2

1H1 −→
3
1H2 + 1

1H0

�~>OBM>VhKjfF´DLF2Jf�K>VNpjf�K>OB�Nq>VBLF{>CHYH0lm}CJ�Ã�>{z�hKjfF$>CH0FYBGHY>OB9NmSUX � PQFYjQDLFYBLlmSUX�NpS7XLjQµ�H2lpFYJ �
DLFV?A>CBG>3hUjAFW?fjfF{Pf>OJ|��jAXElmSCJ�>OB t F{XxDGS3FYX t ÃA>�z�hKjfFV�CF2JAH2F2BINq>CX���jfFYBL�{>CXIH0SUjfNpSUT@�flq>OJA>UX



PQFWBGF2?fjfNqXLlp}UJ�FYJUDLBGFWNpSKX�JKuAH2NpFYSUXW¼`>O?fBGS 
QlpT7>CPA>OTgF2JUDGF@PQF � b��
MeV

½ b �]F2BGS � H0}UTVS3XLF?fjfF{PQF,�CF2JAH2F2B;FYXG>W��>OBGBLFYBG>U�
� SCB;?fBLSfH0FYPflpTglmF2JUDGSUX9ufJflqH2>OTgFYJUDLFIDG�2BGTVlqH0SKX9F�
QlmXEDLF´Nm>VFYhKjflm�k>ONmF2J�H0lq>@F2JfFYBL�Uom>��`DGF2T �

?�F2BM>kDGjfBM>VXLlp�UjflmF2JUDGFC�
0,25 MeV ≈ 109 K

b 
iXxDM>CXeH2SCJAPflmH2lpSUJfFYX;JfS�XEF,?fjAFYPQFYJ�Pf>CB;FYJ
jfJ�Nm>C��SCBM>kDLSUBLlpSAbd�dF,Pf>OJ3FYJ3F2N�JduAH0NmF2SgPQF´Nm>UXiF{XxDGBLFYNpNq>CXYb�
sJ�F2N��dSCN	XLF´Pf>OJ3FYXG>CX�H0SCJAPfl �
H0lmSCJAFYX�z3XEF,H2SCJd�KlmF2BLDLF´F2J.Nm>W��jfFYJUDLF$F2JfFYBL�U�0DGlmHY>VhUjAF´?�F2BGTglyDGF´Nq>V�dlmPA>WFYJ�Nq>���lmF2BGBG>��Yb

�sFY>OTgSKXeNpSKXe?fBGSQH2FYXLSUXePQF$��jAXLlm}CJ|PQF2JKDLBGS�PfF2N �dSUN b�
sN]?fBGSQH0FYXLS7�ARUXElqH0S t hKjfF@?fjfFYPQFDLFYJfF2B;Npjf�K>OB9?�SUB9�k>CBLlmSUX9H2>CJA>ONmFYX9PQlqXEDLlmJUDLSKX t FYX9Nq>@��jAXLlp}UJ�PQF��gRODLSCTgSKX9PQF
H
?A>CBG>WPf>CB

jfJWRkDGSCTgS�PQF
He
z � ?�SKXElpDLBGSCJfF{X2b �~>OBLDLlmTgSUX*PQF9hUjAFvF2J@F2NQ�dSCNKÃA>�z���jfJAPf>CTgF2JUDM>ONmTgF2JUDGF

ÃflqPQBG}C�CFYJfSAb
� b �sBGlmTVFYBLS7XEF´��SCBGTg>gPQF2jfDLF2BGlmSA�

1
1H0 + 1

1H0 −→
2
1H1 +e+ + ν

� b��eÃASCBM>WF2N�PQFYjQDLFYBLlmS7XEF,H2SCT@�flmJA>gH0SUJ�SODLBGSVÃflqPQBG}C�UF2JfS��
2
1H1 + 1

1H0 −→
3
2He1 +γ

� b �]lpJ�>ONmTVFYJUDGFC�
3
2He1 + 3

2He1 −→
4
2He2 +2 1

1H0

=*>VBLF{>CH2H2lp}UJ3H2SCTg?fNmF0DG>gXLF´?fjAFYPQF,FYXGH0BGlp�AlpB{�

4 1
H −→

4He +2e+ + 2ν + 2γ

� >UPf>VBLFY>UH2H2lp}UJ3PQF´��jAXLlp}UJ�Nmlp��FYBG>g>O?fBGS 
QlmT7>CPf>OTgFYJUDLF � � b �
MeV

PQF´FYJfF2BG�Coq>fb
�iXxDGF,FYX�FYN�hUjAF,XLF,PQF2JfSUTglpJA>gH2lmH2NpS Æ ¶ka��{Ç�Z�� Æ ¶ka��{Ç�Zib
�QFW?fjfF{PQFW?fBGSQPQjAH2lpBIF2JfF2BG�Coq>�?�SUB���jAXLlm}CJ|F2J|jAJ|BLF{>CH0DLSCB�JKjAH0NmFY>CBYb�=�>UX�BGFY>UH2H0lmSCJfF{X

T7RCX�lmJUDGF2BGFYXG>OJUDGFYX;XLSCJw�
2
H + 2

H −→
3
H + 1

H 4,0 MeV

2
H + 2

H −→
3He +n 3,3 MeV

2
H + 3

H −→
4He +n 17,6 MeV

��J.?fBLSU�fNmF2T7>@DLF{H0JfSUNp}U�ClqH0SW�UBG>��CF�F{X�F2N�H0SUJQµAJA>CTVlmF2JKDLS7PQF,NpSKX�JKuAH0NmF2SKX;hKjfF´�k>CJ�>
��jfJAPflpB t DLFYJflmF2JAPQS�F2JrH0jfFYJUDG>�hKjfF,ÃA>�z3hKjfF$BLF2DLFYJfF2BGNpSKX;>VDLF2Tg?�FYBG>ODLjfBM>CX;PQFYN�SCBMPQF2J.PfF
109 K

b 
sN~?fBGSQH0F{PQlpTglmF2JKDLS3ÃA>C�flyDGjA>ON FYXIFYN~\Ca�Z � Z]¹ ��»�_dZ �Ya ��¹f·�Z
	 �Y»`\Ca|FYJ|FYN~hKjfF
XLF´jQDLlmNmlp�{>OJ.HY>OTg?�SUX�T7>O�CJA�0DLlqH0SKX9?A>CBG>VH2SCJQµAJA>CB�FYN	?ANm>UXET7>VPfF´?�>OBLDLoqH0jfNq>CX�HY>OBG�U>CPA>CX2b

� DGBLS�?fBGSQH2FYPQlmTglpFYJUDLS�FYXgF2N�\Ca�Z � Z]¹ ��»�_dZ �Ya¯»`Z*_K¶k\C»`¹f^�FYJ£F2N�hUjAF.NmRUXEFYBLFYXVT@jfz
?�SODGF2JKDLFYX�FYTg?fjk�E>OJ'>�NmSUX�JKuAH2NpFYSUX�hKjfF|hUjAF2BGF2TgSUX�hKjfF���jfJAPf>CJ jfJfSKX�H0SCJKDLBM>�SCDLBGSUX
SC�fDLF2JAlp�YJAPQSUXLF´Nm>W��jAXLlm}CJwb
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iX�jfJ�>�>CNyDGF2BGJA>kDGlm�k>7>ON]H2lmH2NpS�?fBLSCDL}UJ � ?ABLSODG}CJ t FYJr�2N]XLF@?A>OBLDLFWPQF2N 12

C
z.PQF{XE?fjA�YX

PQF,�k>CBLlmSUX9?fBLSfH0FYXLSUX�PQF,HY>OT@�flmS7XEF,�KjAF2Nm�CF,>ON 12
C
�


vJÄF2NsH0lqH0NmS3JfS�XLFgH0SCJ�XEjfTgFWJAl ?fBGSQPQjAH2F 12
C t ?�F2BGS3XLjÄ?fBLF{XEFYJAH0lq>�?�FYBLTglpDLFghKjfFNq>CX;BGFY>CHYH0lmSCJfF{X�hKjfF$�CF2JAF2BM>OJ 4He

XEF$PfF2Jr>gjfJ�BLlpDLTgS�XLjf?�F2BGlpSUBe>ON�PfF2N*H0lqH0NmS7?fBGSODL}UJ �
?fBGSODG}CJwb � SUTVS,Nq>´BGF2?fjfNqXLlp}UJ 1

H −
12

C
F{X~T7>�zCSCBshKjfFeNq>,PQF 4He − 1

H
XLF;JfF{H0FYXLlpDG>OJ

DLFYTg?�F2BM>kDLjABG>UX9Tg>�zCSCBGFYX�hKjfF´?�>OBM>WF2N�H0lqH0NmSg?fBLSCDL}UJ � ?fBGSODG}CJwb

vJ@FYNdH2>CXLS�PfF2NQ�dSUN t H2jA>OJ�PQSeDLSfPQS�F2N 1

H
XLFiH2SCJd�KlmF2BLDG>eF2J 4He t F2NdXLSCNdXEF9H0SUJUDLBM>OFYBGRzr>OjfTgF2JKDG>CBGR�XEjrDGF2Tg?�F2BM>kDGjfBM>�?A>OBM>7?�FYBLTglpDLlmB´hKjfFVXLFW?fBLSfPQjf�YHY>7��jAXElm}CJÄPfF 4He

FYJ
?fBGSQH0F{XESKX~H0SCTgS

3 4He −→
12

C
zV>UXEo�XEFY�CjflmBGR´ÃA>CXEDG>,hKjfF�XLF;��SCBGTgF2JgNmSUXsJKu�H0NmF2SUXsT7RCX

FYXEDG>C�fNmFYX;H0FYBGHY>OJfSKX9>CN 56Fe
b


