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OpN2k]kÌU_^7U_S ` }-SLU3�Âq]\lQTX

me = 9.109.10−31 d c³�4�§ ¼HD?4�0o*-,/8y£1§p4H*«D?4j£C8�¶;5%. §38y£�* DE<?¼�§ 
C57,BDÌwV<E£�*94H,¤5�0o*3<?8;£¦¼�D?4H02*-,/8y:=5%¿y£1¼%$
*9<E>@.C4 �»SLU3k����;No\]c2U3k `tU�q�Ä�k3` NoqÌqlnL\]U-XHq �

' X�U_OÃQTSVU®^+` }3SVU9�Âql\]Q2X;k¾NÃs%X�U®����No\]c2U
Q = −e.NA = −96485.31

��K OÃQTS
−1M+U®É;No\�N2^%N¤�*( ����No\]c2U�|�No\�ORQTSVUTK+J_É ( `d�Teo�H�T�7K �%J���K ORQ2S

−1

JU��� ��� M �UT � ��� 	���M

M+U_|�\lQ2qlQ2X
p
^7}3�-Q2s%bTU-\lq¾|;No\"��K ,dQTSL^�kxq]U-nLX�U3X½J3�2�Te%K

����N2\lcTUd^7s~|%\]Qoq]Q2X
q = +e = 1.602.10−19

�
OpN2k]kÌU_^7s~|%\]Qoq]Q2X

mp = 1.67262.10−27 d c (!J3�T�2e
meM+U_X�U-s7q]\lQTX

n
^7}3�-Q2s%bTU-\lq¾|;No\ !;K �#��N2^	��nm� d U3X¹J9�2�Tf����N2\lcTUd^7s~X%U3s7ql\]Q2X X�s%SLSLU

OpN2k]kÌU_^7s~X%U3s7ql\]Q2X
mn = 1.67493.10−27 d c
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 A[2321/>7@? 8X, A-BC*-:</ 7 ? ��Z760=*����1,9/
O*(

mp + me = 9.1.10−31 + 1.7.10−27 ' mp

�2��K ����� ^7U_SmNPOpNTklklU_^@` s�X~NoqlQTOÃU_�-Q2\]\lU9kÌ|yQ2X�^ !pkÌQTX X%Q/�HNos
M+Udb2QTSVs�OÃUY^@` s%X NoqlQTOÃUdU3kÌq�^7}���X�n+��Q2ORORUdSVUdb2QTSVs%ORUd^%NoX�k¾SLU3rHs%U3SyQTX q]\lQTs%b2UdkÌU9k

}3SVU9�Âql\]Q2X;k-K
M+UpbTQ2SLs%ORUp^7s½X%Q/�TN2s6U3kÌq®s%X½ORnVSLSLnVQTX½^%UÃORnLSVSLnmNo\�^F^%UR�»Q2nmkY|%SVs;k_|;U-qlnVqPrHs%Up��U3SVs%n

^@` s%X«NoqlQTOÃUTWTSLU�bTQ2SLs%ORU�^@` s%X NoqlQTOÃU�U3kÌq¾^7QTX����-Q2X�kÌqlnVqls%}d^7U��T�%K �2�T�2�2�T�2�T�2�2�T�2�o�� ^%U
b�nm^7U2K
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J<��� KL��M@M@� ��� M � 	�����T��E�E� ���-��T�Q � � �
��MNM@�

M1NÃORNTklklUY^7U3k�X%Q/�HNos7�pU9kxq�nLX7�»}-\]nVU3s%\]U�!ÃSmNPklQ2ORORU_^7U3k�OpNTklklU3k�^7U9k
Z
|%\lQ2qlQTX�k¾U�q

^%U3k
(A − Z)

X�U-s7q]\lQTX�k�SVU®�-Q2OR|yQTk]NoXHq3K
∆m = mnoyau − (Z.mp + (A − Z).mn)

��^%}��ENos%q�^7U_OpN2k]kÌU
�P4jAC¼�¬5%. *pAC4B:=5%§9§34~0T8�,¤,/4�§ 
�8y£CA	�¹.C£146¼H£C4H,/¿;<?4

E = ∆m.c2 
 DÌwV¼�£14H,/¿y<E4AC4j0T8;¥C¼�§3<?8;£�AC.¦£18�¶y5%. V
J�X%Q/�TN2s*(

A
X�s���SL}-QTX�k

−→ E/A
U3kÌq#S ` }3X%U-\]c2nLU�ORQ/�2U3X%X%U�^7U�SVnmNonmklQ2Xp|�N2\�X�s���SL}-QTX

J
eV
�#}-X%U3\lcTnVUBN2�3rHs%nLklUB|�N2\ps%X¦}-SLU3��ql\]Q2X�kÌQTs%ORnLk !½s�X%Uj^%^7| ^7U J ��kls%\jJ-O ��J

eV = 1.6.10−19
!

c
b�nVqlU3k]klUY^%UdSmNRSLs%ORn �3\lUTW

c = 2.997925.108 ' 3.108
O~K k

−1' X%U_OpN2k]kÌU_^7URJTK eTe2ËT�2e%KLJ3Ë
−27 d c �ÌJ-s ���-Q2\]\lU9kÌ|yQ2X;^ !Ãs%X%U_}3X%U-\]c2nLU

1.66056.10−27 × c2

1.6.10−19
' 931.5MeV

b £¦£@.C02DE¼�8y£�,/4 
C,/¼�§34�£�*346.1£C4B§38y.1,¤0T4j¼�£18;,/:=4~A�wL¼�£14H,/¿;<?4��

J<�� �E	<	��	���O����� M 	����@QNO � T��� M

M1N«|��H�7klnLrHs%UÃ^7U3kd|�N2\Ìq]nL�-s%SLU3kd^7}���X�n²q_SLU3kd|�No\lqlnm��s�SVU9k��»QT\lOpNoXHqYSLN OpN/q]n �3\lUÃ��Q2ORORU
^%U3k��»U3\lORnLQ2X�k��

�¦SLU3k�SLU-|7q]Q2X�k�klU-X;kÌnLZ%SLU3k�Nos%�«nVXHq]U-\�N2�Âq]nVQTX�k¾}-SLU3��ql\]Q2OpNocTX%}�q]nLrHs%UdU�q��EN2nVZ%SLU
�¦}-SLU3�Âq]\lQTX�k

q = −e
W
m = me�¦X%U-s7q]\lnLX%QHk

q = 0
W
m ' 0�¦SLU3k[rHs�N2\ d k®�-Q2X�kÌqlnVqls;NoXHq]k[SVU9k[X�s��-SV}3Q2X�k®^%s=X%Q/�TN2s�kÌU3X�kÌnLZ%SLU3kPNos7�½nVXHq]U-\�N2�Âq]nVQTX�k

}-SLU3��ql\]Q2OpNocTX%}�q]nLrHs%UTWH�ENonLZ%SVU_U-q��»Q2\lqlUTK ' X~X�s���SL}-QTX U9kxq���QTX�kÌqlnVqls%}®^7U®�RrHs�N2\ d k3K� rTs;No\ d ^7Q ��X	� q = −1/3e� rTs;No\ d s%| � q = 2/3eÁ�QTs%\ ����NTrTs�U�|�No\lqlnm��s%SLU�U��7nmkxq]U�Nos�k]kln/s%X%U�N2XTq]n²Ä|�N2\Ìq]nL�-s%SVU �-N2XHqlnVÄrHs�N2\ d k3W�NoXHqlnVÄ X�U-s7q]\lnLX%Q�KLKLK
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������ ��KVJ � ' X%U�|�SLNTrTs�U¾|��%Qoq]Q2c2\�No|��%nLrHs%U#nVOR|%\]U3k]klnVQTX%X%U-U¾|�N2\CSLU3k���\]N¤�TQ2X�k1s%\�NoX%nmrHs%U3k��
^7U ��U-X%\]���¾U3�3rHs%U-\]U-S
��U3X%\]n��¾U3�3rHs%U-\]U-S�N[^7}3�-Q2s%bTU-\lq�SLN_\�N2^%nVQHN2�Âq]nVb�nVql}�U-X6J3�2�Te �2nLSyN¤b/NonVq�\�NoX%cT}�s%X«��QTOÃÄ

|yQTkl}¾^+` s%\�NoX�nVs%O ^%N2X�kCs%X®q]nV\]Q2nL\�kÌs%\�^7U9kC|%SLNTrHs%U3k1|%�%Q2qlQTk�rHs%n�Q2XHqC}�ql}�nLOR|%\lU9klklnLQ2X%X%}3U3k3K
� S�ORQTXTq]\lURrHs%U ��U-qÌq]UR�EN2��s�S²q]} ^@` }3ORU�qÌq]\lUp^7U9k_\�N¤�2Q2X;k�U9kxq®s%X�UÃ|�\lQT|%\lnL}�q]}RnVXHql\]nLX�k �9rHs%U
^7U_S ` }-SL}-ORU-XHq�s%\�NoX%nLs%O~K � S@SLU3k�N2|%|;U3SVSLU 0=A �Z*6, 2\8X0=A6,(4
	18(/D2 K

hjN2\lnLU¾± d SLQ7^7Q ��k d N#�#s�\lnLU2W3U-X«J9�2�T��^7}3�-Q2s%b�\]n²q�rTs�U#��U3\Ìq�NonLX�k+ORnLX%}-\�Nos%�Y^@` s%\�NoX%nLs%O}3OÃU-qÌq�NonLU-XHq�|%SLs�k�^7U�\�N¤�2QTX%X%U-ORU3XTq�k�rTs�U�S?` s%\�NoX%nLs%O SLs%nVÄ O��3OÃUTK ��X�$xs%nLSLSVU-q�J3�T�2�%W/N2nL^7}3U
^7U klQ2X½OpNo\]n W+U-SLSVU ^%}3��QTs%b�\lURSLUp|;QTSVQTX%nLs%O U-q3W+U3X=^7}3�-U-OPZ%\lUp^7U«SLN~O��-ORU N2X%X%}-UTW+SLU
\�N2^7nLs%O~K;h6No\]nVU �#s%\]nLU_OÃQTXHql\]U[rHs%U®SLU3k�X�Q/�TNos%� ^7U_q]Q2s�k���U3k�}-SL}-ORU-XHq�k�}-ORU-qÌqlU3XHq�^7U3k
|�N2\Ìq]nL�-s%SLU3k#}-X%U3\lcT}�qlnmrHs%U3k#U�q�s%X�\]N¤�TQ2X%X�U-ORU-XHq#NPNo|%|yU-SL} ,/5%AC<E8y5%02*3<»º+<E*3¼ K%M N[\]NT^7nLQTN2��Ä
q]nVb�nVql}_X+` U3kÌq�|�N2k�kl|y}3��n��;rHs%U !ÃS?` s%\�NoX%nLs%O~W��2` U9kxq�s%X%U_|�\lQT|%\lnL}�q]}_^7U3k�NoqlQ2ORU9k-K

Á�\]n²� I QTZ;U3S ^7UY|%���7kÌnmrHs%UYU-X½J3�TË2�P|;QTs%\ �®K��¾U9�-rHs%U-\]U-S W�Á�K�U�q�h=K �#s%\lnLU
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I Q/�TN2s0�%|%\]Qoq]Q2X�k `tX%U-s%ql\]Q2X�k ( XHs;��SL}-Q2X;k
�xklQoq]Q2|yU3k��7O��-ORU9k�X%Q2OPZ%\]U3k�^7U_|%\]Qoq]Q2X�k3W�X%Q2OPZ%\lU9k�^7U_X%U3s7ql\]Q2X�k�^7n���}-\]U-XHq]k
M U3k~nmkÌQ2qlQT|;U9kB^7Q2XHqBSLN�kÌql\]s��Âq]s%\]U½���;NoX%cTUFkl|;QTXHq]NoX�}-ORU-XHqBU�q6rHs%n_}3OÃU-qÌq]U-XHqjs%X

\�N¤�2QTX%X%U3OÃU3XHq�klQ2XHq�^7nVq]k ,/5%AC<E8y5%0o*9<E¬§ �%SLUYX%Q/�TN2s«U9kxq�nLX�kÌq]NoZ�SVUTK
.1Q2s;k�SVU9k�X%Q/�HNos7�[|yQ2s�\�SVU9klrHs%U3SLk

Z ≥ 84
klQ2XHq�\�N2^7nLQTNT�ÂqlnV�Ek3W/qlQTs�k�SLU3k�}3SV}3OÃU3XHq]k�|�SVs�k

SL}-cTU-\�k�|;QHklk �3^%U-XHq�^7U3k�nmkÌQ2qlQT|;U9k�\]NT^7nVQHN2��qlnV�Ek-K
�#�;NoX%cTU-ORU-XHq]kYkls%Z%nmkY|�No\YSLU3kYX%Q/�HNos7�B\�N2^7nLQTNT�Âq]n²�Ek ( \]}3NT�Âq]nVQTX�k�X�s��-SV}9NonL\lU9k

6=
\]}�Ä

NT�Âq]nVQTX�k����%nLOÃnmrHs%U3k
�¦nmkÌQ2qlQ2|yU3k���|%\lQT|%\]nV}-ql}3k����%nLORnLrHs%U9k�nL^%U-XHqlnmrHs%U3k3W7\l}9N2��qlnLQ2X�k�X�s��-SV}9NonL\lU9k

6=�¦\]}3N2��qlnLQ2X XHs;��SL}3NonL\]UY�-Q2X�^%s%n²q�klQ2s�b2U-XHq"!ÃSLNP�»Q2\]OpN/q]nVQTX�^7U_X�Q2s%bTU3Nos%� }-SL}-ORU-XHq]k
�¦}3���;NoX%cTU3k�^@` }-X%U3\lcTnVU9k�Z;U9Nos��-Q2s%|R|%SLs�k�nVOR|yQ2\lq]NoXHq�k�^%NoX;k�s%X%U�\]}3NT�Âq]nVQTXPX�s��-SV}9NonL\lU
�

�

�

�

/�� /1: �9F'/ H
\l}9N2�Âq]nVQTX®���%nLOÃnmrHs%U��/�-Q2O[Z�s�kxq]nVQTX[^7U�J-c�^%U

CH4

�»QTs%\]X%n²q��2f d !d^@` }-X%U3\lcTnVU¾kÌQTs�k@�»QT\lORU^7U®����NoSLU-s�\
\l}9N2�Âq]nVQTX«X�s��-SV}9NonL\lU_^7URJ-cp^7U

235U
�»Q2s%\]X%nVq��%KLJ3Ë

7 d !;KVKLK

� �1� � � ��	�� ��� �
� �>Q � T � ��� ��OD���

��KH{�s%ql�%U3\Ì�»QT\]^ N®nL^7U3XHqln���}�� � klQ2\lqlU3k���^7U�\�N2^7nLQTNT�ÂqlnLb�n²q]} �2\�N¤�2QTX%X%U3OÃU3XHq
α
W
β
U�q

γ
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−

+

α

γ

β

������ �;KVJ � � X��s%U3X���UÃ^@` s%X6����N2OÃ|6}-SLU3�Âq]\lnmrHs%U[kls%\�SmNpq]\]N $xU3��qlQ2nL\]U®^7U3k�|�No\lqlnm��s�SVU9k�\�N/Ä
^%nVQHN2�Âq]nVbTU3k

�¦|�N2\Ìq]nL�-s%SVU
α
��X%Q/�TN2s

4
2He2+

X%Qoq�N/qlnLQ2X �
4
2α

Q2s
α�¦|�N2\Ìq]nL�-s%SVU

β
�%}3SVU9�Âql\]Q2X�\�No|%nm^7UdX%Qoq�N/qlnLQ2X �

0
−1e

QTs
β−�¦\�N¤�2Q2X�X%U-ORU-XHq

γ
��\]N¤�TQ2X%X�U-ORU-XHqP}3SVU9�Âq]\lQTORN2c2X%}-qlnmrHs%U�^%U~ql\ �3kÃ��Nos%qlUB}-X�U-\]c2nLU2W

|%�%Q2qlQTX

J3�



\�N¤�2QTX%X%U-ORU3XTq
α
�3No\�N2�Âq]}-\]nLkÌqlnmrHs%U�^%U3k�}3SV}3OÃU3XHq]k�SLQ2s%\�^%k

\�N¤�2Q2X�X%U-ORU-XHq
β
�-No\�N2��ql}3\lnmkxq]nLrHs%UY^7U9k�}-SL}-ORU-XHq]k�SL}-cTU-\�k

��U9k�\�N¤�2Q2X�X%U-ORU-XHq�k#klQ2XHq�c2}3X%}-\�NoSLU-ORU-XHq�N2�3��Q2OR|�N2c2X%}9k¾|�No\�s%X~\�N¤�2Q2X�X%U-ORU-XHq
γ.#�H|yU �#QTOÃORU3XTq�NonL\lU9k Á�N2\Ìq]nL�-s%SLU ±���O[ZyQ2SLU

α
X�Q2X�|;}3X%}�q]\]N2XTq�OpNonmk�^7QTOÃOpN2c2U3N2Z%SLU X%Q/�TN2s�^@` �%}3SVnLs%O

4
2α

β
ORQ7^7}3\l}3OÃU3XHq�|y}-X�}�ql\�NoXHq }-SLU3�Âq]\lQTX

0
−1β

γ
ql\ �3k�|y}-X%}-ql\�NoXHq |%�%Q2qlQTX

γ
β+

ORQ7^7}3\l}3OÃU3XHq�|y}-X�}�ql\�NoXHq |yQTklnVql\]Q2X
0
1β

p
|y}-X%}-ql\�N/q]nVQTX�ORQ7^7}3\l}3U |%\]Qoq]Q2X

1
1p

n
ql\ �3k�|y}-X%}-ql\�NoXHq X%U3s7ql\]Q2X

1
0n

���3J � � MNO�>Q � �\���RQNO	�� � Q � � 	�QNT ��� � T � ��� ��OD���

M+UFq]U-\]OÃU�{�NT^7nLQTN2��qlnLb�n²q]}¹U3X%c2SLQ2ZyUF^%UFX�Q2O[Z�\lU3s7� |%\]Q��-U3k]kÌs;k�^%UF\]}3NT�Âq]nVQTX�k�XHs%Ä
�-SV}9NonL\lU9k ^7}9kÌnLXHql}3c2\�N/qlnLQ2X

α 238
92 U →234

90 Th +4
2 He^7}3klnLXTq]}-cT\]NoqlnLQ2X

β− 1
0n →1

1 p + 0
−1 e +0

0 ν^7}9kÌnLXHql}-cT\]NoqlnLQ2X
β+ 1

1p →1
0 n + 0

+1 e +0
0 ν�-N2|7qls%\]U_^@` s%X~}-SLU3�Âq]\lQTX

1
1p + 0

−1 e →1
0 n}3OÃnmk]kÌnLQ2X~^@` s%X~|%\lQ2qlQTX

57
30Zn →56

29 Cu +1
1 p}-ORnmklklnLQ2X~^@` s�X�X�U-s7q]\lQTX

91
34Se →90

34 Se +1
0 n}-ORnmklklnVQTX cHNoOROpN I Q/�TN2s nLX�kÌq]N2Z%SVU

→
I Q/�TN2s ��SLSVU � U��%�-n²q]} �\`

α, βI Q/�TN2s*��SLSLU � U��%�-n²q]}2`
→

I Q/�TNos)��SLSVU�`
γ

����� � QN�\��O�O3Q � � T � ��� ��OD���

α

β+

β−

Z=84

M U3kBX�Q/�TNos%��kxq�NoZ%SLU3k6kÌQTXTq6klnVqls%}9kjkÌs�\jSLN
Z;NoX�^7U_^7U®kÌq]N2Z%nLSVnVql} � q]\]N2n²q�X�Q2nL\ �
a�s ^7U9klkls�kF^7U SmN�Z�NoX�^%U ^7U�kxq�NoZ%nLSLn²q]} �
}3ORnLk]kÌnLQ2X

β−
|%\]Q2Z�N2Z%SVU

a�s ^7U9klklQ2s�k«^7U6SmN=Z�N2X�^7U6^%U¹kÌq]NoZ�nVSLn²q]} �
}3ORnLk]kÌnLQ2X

β+
|%\]Q2Z�N2Z%SLU . QTs7q®SVU9k®X%Q/�HNos7�

|yQ2s�\[SLU3k]rTs�U-Smk
Z ≥ 84

klQ2XHq[\�N2^%nVQHN2�Âq]n²�Ek3K
� OÃnmk]kÌnLQ2X

α

J3�
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{�N¤�2Q2X�X%U-ORU-XHq�X�s��-SV}9NonL\lU ( ,/5T¶;8y£1£C4�:=4�£�*P<?8;£C<E§95%£�* �HnVS�U9kxq�N2k]kÌU(&�}-X%U3\lcT}�q]nLrHs%U
|yQ2s�\�No\]\]NT���%U-\#SVU9k�}-SLU3��ql\]Q2X�k�^7U9k�N/q]Q2ORU3k

→
^%Q2OROpNoc2U_N2s7� qlnmk]kÌs�k�b�nLb/NoXHq]k

{�N¤�2Q2X�X%U-ORU-XHq Á�}-X�}�ql\�N/q]nVQTX Á�\]Qoq]U3��qlnLQ2X
α

J |�N2|%nLU-\9W7|;U9Nos
β

J3ËTË �oORO ^@` NoSLs%ORnLX%nVs�O
γ

J3Ë2ËTË2ËTË Zy}�q]Q2X+W%|�SVQTO[Z
Á�N2\Ìq]nL�-s%SVU9k

α
�2|;U3sp|;}3X%}�q]\]N2XTq]U3k3W2kÌqlQ2|�|;}3U3k�|�N2\�SmNY|;U9Nos+W2ql\ �3k�^%N2X%c2U3\lU3s�klU3kCU-X �3N2k

^+` nLX%c2U9kxq]nVQTX
{�N¤�2Q2X�X%U-ORU-XHq

β
�3|%SLs�k |y}-X�}�ql\�NoXHq��ÌJ3�-O ^�NoX�k SLN����;NonL\ ��W-kxq]Q2|%|y}3k |�No\1nVXHq]U-\�N2�Âq]nVQTX�k

N¤bTU3�dSLU3k�X%Q/�HNos7�
{�N¤�2Q2X�X%U-ORU-XHq

γ
�7ql\ �3k�|y}-X�}�ql\�NoXHq �»ql\�N¤b2U-\�klU�SLU®��Q2\]|�k¾��s%OpNonLX �

� 8y.1§�0T4�§�,/52¶y8;£C£14�:=4�£�*9§"
1,/8�ºy8+>@.14�£�*�AC4�§�025�£10T4T,/§ 
 DE4 
CD?.1§�AC5%£C¿;4H,/4�.�� 
α

J9�
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^�X~s7qlnLSLnLklU_SLNÃ|%\]Q2|�\lnL}�q]}d^@` nLQ2X%nmklNoqlnLQ2X~^7s~\]N¤�TQ2X%X�U-ORU-XHq�XHs;��SL}3NonL\]U
�¦|%SLNTrHs%U_|%�%Q2qlQ �
�¾U3�3rHs%U-\]U-S��#�7qlQTs%$xQ2s%\�k¾s7qlnLSLnLkl}_|;QTs%\�SLU3k���SLOpk�^7QTklnLO �-ql\]U3k
� ��Q2OR|7q]U-s%\ ,dU-nLc2U-\��%nLQ2X�nLk]N/q]nVQTX ^@` s%XBcTN & !ÃZ�NTklklUY|%\]U3k]kÌnLQ2X
� ��Q2OR|7q]U-s%\ !®k]��nLXHqlnLSVSmN/q]nVQTX�k ����U3\Ìq�NonLX�k�OpN/q]}-\]nLN2s7� � �yX;± ��}3OÃU-qÌq]U-XHq#s%X«}3��SmNonL\#^%U
SVs%ORn �-\]U®rHs�NoX�^ nLSLk�klQ2XHq�U��7|yQTkl}3k�Nos~\�N¤�2QTX%X%U-ORU3XTq
�#U3k���Q2OR|7q]U-s%\�k�|yU-\]OÃU-qÌq]U-XHq�^7UYORU3kls%\lU3\ DxwL5%0o*9<»º+<»*9¼BA�wL.1£C4B§98;.1,/024
5%0o*9<»º+<»*9¼���£C8y:0�C,/4�AC4jAC¼�§3<?£�*3¼�¿�,/57*9<E8y£1§%VV§

−1

s%X%nVql} �7SVU �¾U3�3rHs%U-\]U-S W �¾ryK+J ��r)( J®^7}3klnVXHq]}-c2\�N/q]nVQTX+K k
−1Nos%ql\]Uds�X%n²q]} �%SLU �#s%\lnLU2W �#n K+J-�#n�(d�%K ��KLJ3Ë

10
�¾r

J9e
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� � � �Ê� �	� � ��
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� � � � �Ê� � ���� �

hj}3�-N2X%nmkÌORU � I Q/�HNos |�No\]U-XHq
−→

X%Q/�TN2s ��SLSLU>` \�N¤�2Q2X�X%U-ORU-XHq
�?NoX�N2SVQTc2nLU !Ps�X%UY\l}9N2�Âq]nVQTX�����nVORnmrTs�U ��bHnVqlU9klklU_^7U_\]}3N2��qlnLQ2X�^@` QT\]^%\lURJ �

b�nVqlU9klklU_^7U_\l}9N2��qlnLQ2X«|yQ2s�\�s%X~X%Q2OPZ%\lU_^7U_X�Q/�TNos%�
N
�

a���qlnLb�n²q]}�( b�n²q]U3k]kÌU_^7U®^%}3klnVXHql}3c2\�N/q]nVQTX (
k.N�

k
�%��QTX�kxq�NoXHqlU_^7U®^%}3klnVXHql}3c2\�N/q]nVQTX��

s−1
W
an−1

KVKLK �
I Q2OPZ%\lU_^7U_X�Q/�TNos%� \]NT^7nVQHN2��qlnV�Ek !Ãs%X~nLX�kÌq]NoXHq

t
�

N = N0 exp(−k.t)

� !Pq (dË �
N0

X%Q/�TN2s7�
� !Pq �

N
X%Q/�TN2s7�

a |;No\lqlnL\Y^%U ��U�qlqlUpSLQ2n�QTX¹|yU-s7q[^%}�qlU3\lORnLX%U-\YS ` }3b2QTSVs7q]nVQTXF^%sFX�Q2O[Z�\lUR^7URX%Q/�TN2s7�j\�N/Ä
^%nVQHN2�Âq]n²�Ek�^%NoX�k�s�X�}9����NoXHq]nVSLSVQTX«U3X �»QTX��Âq]nVQTX�^%s q]U-OR|�k3K�a�|�|%SVnm�-NoqlnLQ2X �%SmNR^%N/q�N/qlnLQ2X K

� �1� � � ��O	<��� ����� O	�� �+Q�OD�����!��� �
O�� �<O�

^�XP�-No\�N2��ql}3\lnmkÌU�c2}-X�}-\�NoSLU-ORU-XHq s%XP}-SL}-ORU-XHq�\]NT^7nLQTN2��qlnV�7|�No\�klN 
�¼H,/<E8+AC4 QTs *94H: 
C§
AC4jAC4�:=<]$]º+<E4 �%SLU�q]U-OR|�k

t
|yQ2s%\�SLU3rHs%U3S

N = N0/2
K

N = N0 exp(−kt1/2) =
N0

2

exp(−kt1/2) =
1

2
⇔ −k.t1/2 = ln

1

2
= − ln 2

t1/2 =
ln 2

k
'

0.69

k
⇔ k =

0.69

t1/2

J¤�
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{�N2^7nLQ�}-SL}-ORU-XHq]kRN¤bTU3� �;SVnmN/q]nVQTX ��SVU~X%Q/�HNos kls%Z%nVqR|%SVs;kÌnLU-s%\�kR^7}3klnLXTq]}-cT\]NoqlnLQ2X�kÃrHs%n
N2Z;QTs7qlnmk]kÌU3XTq�! s%X¹}-SL}-ORU-XHqYkxq�NoZ%SLU2K ^�Xj|�N2\lSLUP^7U §3¼H,/<E4¹,/5%AC<E8y5%0o*9<»º;4 K�Á�No\dU��7U-OR|%SLU
238U

kÌs�Z%n²q®J3�p^7}3klnVXHq]}-c2\�N/q]nVQTX�k¾|;QTs%\�NoZyQ2s%qlnL\ !
206Pb

K
{�N2^7nLQ�}-SL}-ORU-XHq]k_k]NoX;k ��SLnLNoqlnLQ2X�k �+|;No\lqlnm��nL|;U3XTq-!~SmN~\�N2^7nLQTNT�ÂqlnLb�n²q]}PX;N/qls�\lU3SVSLU klN2X�k

|�\lQ7^7s%nL\]UY^%U®kÌ}3\lnLUY\]NT^7nVQHN2��qlnLb2U2KHÁ�No\�U-��U3OR|%SVU
14C

U3kÌq�s%X~}-ORU�qlqlU3s%\
β−

K
� SV}3OÃU3XHq Á�}-\]nVQ7^7U � SV}3ORU-XHq Á�}3\lnLQ7^7U

238U 1.39.1010
N2X�k

14C
�T�oe2�ÃNoX;k

137Cs
�2�ÃNoX;k

131I
�#$xQ2s%\�k

39Cl
J3�

15O
J¤foËÃk

�

�

�

�

)+A-01;3*-, /������

t1/2 = 5568
NoX;k-W

⇒ k = 0.69/t1/2 = 1.245.10−4an−1

N0 = 100
Nos�Z;QTs7q�^7U®��QTO[Z%nLU-X~^7UdqlU3OR|�k

N = 1 �
N/N0 = 1/100 = exp(−k.t) ⇒ t = ln 100/k ' 36990

NoX;k-KLKVK

J3�
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ÉCnLk]klnVQTX X�s���SL}3N2nV\]U ��\ls�|7qls%\]U�^+` s%X X%Q/�TN2spU-X«N2s ORQ2nLX�k¾^7U-s7�pX%Q/�HNos7�R|%SLs�k#SV}3c2U-\�k3K
M UY^%}��ENos%q�^7U_OpN2k]kÌU_��QT\l\]U3kl|yQ2X�^%N2XHq#U3kÌq���QTX�b2U-\lqln�U3X }3X%U-\]c2nLU2K

235
92 U + n −→142

56 Ba +92
36 Kr + 2n

ÉCnLk]kÌnLQ2X ^%U[J�c[^%U
235U

(�^7}-cHNoc2U-Ä
ORU-XHq�^@` }-X%U3\lcTnVUY^7UP��Kg�7KLJ3Ë

10
!;K

s%X X%Q/�TN2sÅ^@` s%\�NoX%nLs%O f2�T� �;kÌÄ
kÌnLQ2X�X%U�k3` nLSyU3kÌq#�%U3s%\Ìq]}�|�N2\�s%X«X%U-s7Ä
ql\]Q2XFnVS�}-ORU�q[N2SVQT\]k®f X%U3s7ql\]Q2X�k

→\l}9N2��qlnLQ2X«U3XB����N�� X%U
\l}9N2��qlnLQ2X¹�-Q2XHql\��2SL}-UÃ|�N2\ds�X¹ORQ7^7}�Ä
\]NoqlU3s%\jrHs%n[\�NoSLU-XHqlnVqjSLU3kBX%U3s7ql\]Q2X;k
�»U9Nos+W7cT\]N2|%�%nVqlU �
` Z;No\]\lU9k¾�-Q2XHql\��2SLU3k�nLX�kl}-\]}-U9k�U-XHql\]U
SVU9k�Z�N2\l\]U3k�^%U���QTO[Z%s�kÌqlnLZ%SLU3k#NoZ�klQ2\lÄ
Z�NoXHq�SLU3k�X%U3s7ql\]Q2X;k��

B
W
Cd

�
{�}3NT�Âq]nVQTX X%Q2X �-Q2XHql\��2SL}-U �RNo\]ORU
X�s���SL}3N2nV\]U

� �3J ��T�M@O1	��

M+U9kR\l}9N2��qlU-s�\]k ! �yklklnVQTX cT}-X'�3\lU3XTqR^7U3kp^%}3���%U-q]kÃ\]NT^7nLQTN2��qlnV�Ek !¹SLQ2X%cTs%U�^%s%\l}3U�^%U
b�nLU2KLKVK+M1N �»s�klnLQ2X¹^%UÃX�Q/�TNos%�B^+` �!X+` U-XF|%\]Q�^%s%n²q_|�NTk-K@^�XFs7qlnLSLnLklURSVU9k�nmklQoqlQT|;U9kdSVQTs%\]^�k
^7U_S ` �®W%|%SLs�k¾�ENT��nLSVU9k"!Ã�»s�kÌnLQ2X�X%U-\ �7SLU®^7U-s%ql}-\]nLs%O

2H
U-q�SVUYq]\lnVqlnLs%O

3H
K

�

�

�

�

�	� AZW1B_45*-, 7%/�
38 2D45*6,

f2Ë



D + D →3 He + n

D + D → T + n

D + T →4 He + n

D + 3He →4 He + p
. Q2q]NoS �

6D → 2 4He + 2p + 2n� S2�ENos7q ^%U�c2\�NoX�^%U3k�}-X�U-\]c2nLU3k@��nLX%}-qlnmrTs�U3k+|yQ2s�\@�»s�klnVQTX%X%U-\1��U3k+X%Q/�TN2s7�-�Âq]U-OR|;}3\]Noqls%\]U
^%Ud|�SVs�klnLU-s%\�k¾OÃnLSLSVnLQ2X�k�^%Ud^7U3c2\]}3k3K �#U�qx��|yUY^%Ud\]}3NT�Âq]nVQTX nVXHq]U-\]bHnLU-XHq�^%NoX;k�SVUY���_s%\�^7U9k
}-qlQTnVSLU3k3W%nLS+��Q2X;kÌQTOÃORU_^7U9k�}-SL}-ORU-XHq]k�SV}3c2U-\�k¾U�q�|%\]Q7^7s%nVq]k�^7U9k�}-SL}-ORU3XTq�k�|%SLs�k�SLQ2s%\�^%k3K

Á�\lQ $xU�q¾^%U�\]}3N2��qlU3s%\���. Q d NoOpN d Q��ps%X cTN &�nVQTX%nmkÌ}�U9kxq¾|;QT\Ìq]}#!®ql\ �3k��;Nos7q]U�qlU3OR|;}-Ä\�N/q]s%\]Ud|yQ2s�\�|%\lQ7^7s�nV\]UYs%X%U_\]}3N2��qlnLQ2X�^7UY�»s�klnVQTX+K

f7J
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M Ud�-Q2X��-U-|7q�^7UdSVnmNonmkÌQTX nLXTq]\lQ7^7s�n²q�|%\]}3��}9^7U-ORORU-XHq�X%Ud|;U3\lORU�q�|�NTk¾^+` U-��|�SVnmrHs%U-\¾SVU9k
SLnmNonmkÌQTX�k1^�NoX�k�^7U9k ORQ2SL}3�-s%SLU3kC��Q2ORORU¾SVU¾OR}�ql�;NoX%U

CH4

�-Q2OR|%\]U-X�N2XTqC��SLnLN2nLklQ2X;k
C−H�»QT\lOpN2XTq�^7U9k�NoX�c2SLU3k�^7U

109◦28′
K

C : [He]2s22p1
x2p1

y →
fÃb/NoSLU-X��-U3k3W

CH4 �|%\]Q2ORQ2qlnLQ2X ^+` s%X~}3SVU9�Âql\]Q2X
2s → 2p

�»U��%�-n²q�N/qlnLQ2X �
C : [He]2s12p1

x2p1
y2p1

z →
�Rb/NoSLU-X;��U3k

SmNYc2}3Q2OR}�q]\lnLU�X+` U9kxq�qlQ2s $xQ2s%\�k�|�N2k�U��7|%SLnLrHs%}3U �»Q2\]Z%nVq]N2SVU9k
p�»QTXTq�^7U9k�NoX�c2SLU3k�^7U®�2ËÃ^7U3c2\]}3k �

��� �1� � �U����O���RQNO1	��

M�` ����Z%\]nL^�N/qlnLQ2Xp�-Q2X�klnLkÌqlU#!_\l}9NoSLnLklU-\�^%U3k��-Q2OPZ%nVX;NonmkÌQTX�k�SLnVX%}9NonL\lU9k�^@` Q2\]Z%nVq]NoSLU3k�N¤�TNoXHq
SLU_O��-ORU®X%QTO[Z%\]U_rHs�NoXHqlnmrHs%U

n
W%OpNonmk�^7U9k�X%Q2OPZ%\lU9k

l
U�q

m
^%n ��}-\]U-XHq]k

→
8�, ��<»*35�DE4�§

¥�¶��C,/<EAC4�§ K
����|;Q2ql�'�9kÌU®^7UYZ�NTkÌU ��N2|%|%\]Q¤�7nVOpN/q]nVQTX ���7^7\lQTc2}3X%Q
	^7U
�¦s%X NoqlQ2ORUBrHs%U-Sm��QTX�rHs%UB|yQTk]k �9^7UB^7U3k«Q2\]Z%n²q�NoSLU3kp^7s�O��-ORUBqx��|yUjrHs%UBS?` N/q]Q2ORU
^@` ����^%\lQTc �-X�U

�¦s%X~}-SLU3��ql\]Q2X~^7Q2X�X%}_Q7�-��s�|;U_s%X�U_Q2\]Z%n²q�NoSLUY|�No\lqlnm��s%SLn �-\]U2W7U�qdNÃ^%Q2X��Ys%X�U_}-X%U3\lcTnVU
^7QTX%X%}-U

°dNoX;k���U�qlqlU®N2|%|%\]Q¤��nLOpN/q]nVQTX«SLU3k�}-SLU3��ql\]Q2X�k�klQ2XHq�SLQ��3NoSLnLkl}3k3K
QT\lZ�n²q�NoSLU

2s
�
n = 2 l = 0 m = 0QT\lZ�n²q�NoSLU

2p
�
n = 2 l = 1 m = −1, 0, 1�-Q2OPZ%nVX;NonmkÌQTX ^�a

2s
U�q

2px, 2py, 2pz →
��^ �

sp3�-Q2OPZ%nVX;NonmkÌQTX ^�a
2s

U�q
2px, 2py →

� ^ �
sp2�-Q2OPZ%nVX;NonmkÌQTX ^�a

2s
U�q

2py →
f<^ �

sp

^�Z%qlU-XHq]nVQTX�^%UjX%Q2s�b2U3N2s7�0$xU3s7�¦^@` QT\lZ�n²q�NoSLU3kR|yU-\]OÃU-qÌq�NoXHq ^7Uj\]U-X;^7\lUj�-Q2OR|7q]U6^7U
SmNFkxq]\ls���qls%\]U�c2}-QTOR}�ql\]nmrTs�U ^7U9k[SLnLN2nLklQ2X;kP^7U9kRN/qlQTORU3kRN¤�TN2XTqP|%SVs;kÌnLU-s%\�kÃ}-SLU3��ql\]Q2X�kÃ^7U
b/N2SVU3X���UTK

fo�



� ��� J � 	�� � �
	�Q ����� �U� ��O���RQNO	���� �1��� � Q�� �����

M+UY��QTX���U3|7q�^7U�SLnmNonmkÌQTX nVXHq]\lQ7^7s%nVq�|%\l}9��}9^7U-ORORU-XHq�X%U�|yU-\]ORU�q�|�N2k¾^@` U��7|%SLnLrHs%U3\#SLU3k
SLnLN2nLklQ2X;k1^%N2X�kC^7U3kCORQ2SL}3�-s%SVU9k1�-Q2ORORU�SLU#OR}-ql��N2X%U

CH4

��QTOR|%\lU3X�NoXHq �dSLnLN2nLklQ2X�k
C−H�»QT\lOpNoXHq�^7U9k�NoX%cTSVU9k�^7U

109◦28′
K

C : [He]2s22p1
x2p1

y →
fPb¤N2SVU3X���U9k-W

CH4 �|%\]Q2ORQoq]nVQTX ^@` s%XB}-SLU3��ql\]Q2X
2s → 2p

�EU��%��nVq]NoqlnLQ2X �
C : [He]2s12p1

x2p1
y2p1

z →
�Rb/NoSLU-X��-U3k

SLNYcT}-QTOÃ}-ql\]nVU�X+` U3kÌq�q]Q2s%$xQTs%\]k�|�N2k�U-��|�SVnmrHs%}-U �EQ2\]Z%nVq]NoSLU3k
p�»Q2XHq�^7U9k�NoX%cTSVU9k�^7U_�2ËR^7U-cT\l}9k+�

hBQ7^7n��;�-NoqlnLQ2X ^%U6SmN ^7U9kl�-\lnL|7qlnLQ2X �¾�»QT\lOpN/q]nVQTX ^7U6� 8�, ��<»*95%DE4�§À¥�¶��1,/<EAC4�§
sp3�-Q2O[Z�nVX�N2nLklQ2X;k�SVnLX%}9NonL\lU9k#^7U�S?` Q2\]Z%nVq]N2SVU

2s
U-q�^%U3k¾�®Q2\]Z%nVq]N2SVU9k

2p
K��#U9k��PQ2\]Z%n²q�NoSLU3k#kÌQTXTq
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