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�!#)'%% & *+#&�%!0 �9F!431 %�(�� H !$%(&��!((3, &-�&�2 &%(�!.# &�! 1�

�9F!431 9$! � ��.0�F(�&�C &*;!&����#(%9 )��� 31 �2*&4��4!(# �2�4�+!+�

(30% I""!)�#0%5 J)&-! %0!(�3� (#- #�4!((3! (# - �$�%F!(%! �64*2C �&��

 ��# &�#2%4C(�&�% &�! 1�9F!431 I4!0!(���� $#7� 2�4CK�! )�4%+!&��� $#(�

(31L &!+!(%9 )#&#(%9 % &4%9(%9 %&1�$(31 9$! � &!+!(%9 �2 #.��#(%9 �&�#��

)�� %&-# !(%9� $#((3! -� 0(�F!&��!((�&�% 4!6)%1 +#&�%' % 6#00#�)�#(����

1# #)�! %&�%)% �&)�4)�� $!4!(%9 % )�#.%$!4!(%9 �2 #.��#�K%1&9 -�&4! )#�

&#(%9 %�(�� &%&�!0 % �5 $5 �!0 2�4CK! 0#&&3 %&1�$(31 %�(��� �!0 0!(CK!

&!+!(%9 �2 #.��#(%9 %&)�031 I4!0!(���� �!0 2�4CK! $4%�!4C(�&�C I)&-! %�

0!(�#5 
(%F!(%! &!+!(%, �2 #.��#(%9 �&�#�)�� %&-# !(%9 $!4#!� #)�*#4C�

(30 &�.$#(%! �!� !�%+!&)%1 0�$!4!,� &-�&�2(31 �289&(9�C &*;!&��*7;%!

I)&-! %0!(�#4C(3! $#((3! % - !$&)#.3�#�C  !.*4C�#�3 -4#(% *!031 I)&-!�

 %0!(���5 �!� !�%+!&)�! - !$&)#.#(%! &!+!(%,  !#)'%, &-�&�2(� �24!6+%�C

�32� -# �(! ��  !#)'%% % I(! 6%% %1 ��(�&%�!4C(�6� $�%F!(%9� # �#)F!

- !$&)#.#�C - �$�4F%�!4C(�&�C I)&-! %0!(�#5

�(�6�0! (3! &��1#&�%+!&)%! 0�$!4% M�
�N -�.��497�  #&&+%�#�C %.�

0! 9!03! 1# #)�! %&�%)% - �'!&&# &4%9(%9�$!4!(%9 (# �&!1 &�#$%91� (#+%�

(#9 & - %24%F!(%9 (#4!�#7;!6� %�(# ) 9$ * “0%K!(%” % .#)#(+%�#9 4%2�

$!4!(%!0 �2 #.��#�K!,&9 -�&4! %1 )#&#(%9 0�(�&%&�!03� 4%2� �2 #.��#(%!0

�&�#�)# %&-# !(%95 �49 &�.$#(%9 �
� (!�21�$%0� - %�4!+!(%! �!� !�%+!�

&)%1 - !$&�#�4!(%, � 9$ !� � �(*� %9$! (31 - �'!&&#1 % � 9$! (�0 �.#%0��

$!,&��%%5 �#)%0 �2 #.�0� & #�(!(%! I)&-! %0!(�#4C(31 $#((31 & �!� !�%�

+!&)%0%  #&+!�#0% -�.��49!� &*$%�C � &����!�&��%% - %�4!)#!031 �!� !�%�

+!&)%1 - !$&�#�4!(%, � 9$ ! $!,&��%�!4C(�&�%5

�#&&0�� !((3!  !#)'%% (! 9�497�&9  !#)'%90%� - %��$9;%0% ) &%(�!�

.* &�! 1�9F!431 I4!0!(���5 �$(#)� %1 �289&(!(%! 9�49!�&9 �#F(�, .#$#�

+!,5 �!#)'%% 16,18O+ 208Pb → 224,226Th % 48Ca + 208Pb → 256No 9�497�&9

 !#)'%90% 1�4�$(�6� &4%9(%9� �(% K% �)� �&�!;!(3 � I)&-! %0!(�#4C(31

% �!� !�%+!&)%1  #2��#1� +�� $!4#!� ��.0�F(30 & #�(!(%!  !.*4C�#���� -��

4*+!((31 �  #0)#1  #. #2��#((�, 0�$!4%� (! ��4C)� & I)&-! %0!(�#4C(30%
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$#((30%� (� % &  !.*4C�#�#0% $ *6%1 �!� !�%+!&)%1 %&&4!$��#(%,5 �!#)'%%

& *+#&�%!0 9$! 100Mo % 110Pd �#)F! 9�497�&9 �28!)��0 �!� !�%+!&)�6� %.*�

+!(%95 �(�! !& ) (%0 (! *�%1#!� (# - ��9F!(%% 2�4!! +!0 $�#$'#�% 4!�5

����� ����	� ���	�
 9�49!�&9 *&��! K!(&����#(%! �
�� �28!$%�

(97;!, �&! � % &�#$%%  !#)'%% &4%9(%9�$!4!(%9 M- �'!&&3 &24%F!(%9 %

&4%9(%9 %&1�$(31 9$! � # �#)F! I��47'%7 �2 #.��#�K!,&9 � 1�$!  !#)'%%

&%&�!03N� - !$(#.(#+!((�, $49 �289&(!(%9 &!+!(%, )#&#(%9 % &4%9(%9 %&1�$�

(31 9$! � &!+!(%, �2 #.��#(%9 �&�#�)�� %&-# !(%9 % 1# #)�! %&�%) �&)�4)��

$!4!(%9 &%(�!.% *!031 9$! � )��� �! -�.��4%� *+%�3�#�C 9$! (*7 �2�4��

+!+(*7 &� *)�* * (# �&!1 &�#$%91  #&+!�#5

� ������ ���	�
 ��	����

>5 �&��! K!(&����#(%! �
�� �-%&3�#7;!, - �'!&& - %24%F!(%9 (#�

4!�#7;!6� %�(# ) 9$ * “0%K!(%” M������ ���	
� �������N� *+%�3�#7;!,

�2�4�+!+(*7 &� *)�* * M�
N % - �&� #(&��!((*7 � %!(�#'%7 &�#4)%�#7�

;%1&9 9$! 5

<5 �&&4!$��#(%! �4%9(%9 �
 % - �&� #(&��!((�, � %!(�#'%% &�#4)%�#�

7;%1&9 9$! (# 1# #)�! %&�%)% &%&�!03 � 0�0!(� )#&#(%9 %&1�$(31 9$! 5


 #�(!(%!  #&&+%�#((31 1# #)�! %&�%) &%&�!03 � ��+)! )#&#(%9 & 1# #)�

�! %&�%)#0%� -�4*+!((30% � -�$1�$!� � )��� �0 -��!('%#4C(#9 I(! 6%9

)#F$�6� %. &�#4)%�#7;%1&9 9$!  #&&+%�3�#!�&9 � 0�$!4% F%$)�, )#-4%

M�D�N� # �&% &%00!� %% 9$! 4!F#� (# �$(�, - 90�, M9$ # � %!(�% ��#(�

(3 “(�& � (�&”N5

O5 �#&+!� I��47'%% 0�(�&%&�!03� �2 #.��#�K!,&9 -�&4! )#&#(%9 %&1�$�

(31 9$! � %&-�4C.*9 � )#+!&��! �1�$(31 $#((3!� -�4*+!((3! �  !.*4C�#�!

 #&+!�# - �'!&&# &24%F!(%9 9$! 5 �39&(!(%! �4%9(%9 1# #)�! %&�%) &%&�!�

03 � ��+)! )#&#(%9� -�4*+!((31 (# -! ��, &�#$%%  #&+!�#� (# I��47'%7 0��

(�&%&�!035 � ��!$!(%! �3+%&4%�!4C(31 I)&-! %0!(��� $49 �'!()% &!+!(%,

&4%9(%9 %&1�$(31 9$! % &!+!(%, �2 #.��#(%9 �&�#�)�� %&-# !(%9� # �#)�

F! %&&4!$��#(%9 1# #)�! %&�%) �&)�4)�� $!4!(%9 9$! 5 �.*+!(%! �4%9(%9

1# #)�! %&�%) &%&�!03 � ��+)! )#&#(%9 (# I��47'%7 0�(�&%&�!035

5



������� �	������

>5 �&��! K!(&����#(# "!(�0!(�4�6%+!&)#9 0�$!4C - �'!&&# &4%9(%9/

$!4!(%9� +�� -�.��4%4� *+!&�C �
 &�#4)%�#7;%1&9 9$! 5 � �0! ��6�� *&��

�! K!(&����#((#9 0�$!4C -�.��49!� *+!&�C ��)4�(!(%! �&!, &%00!� %% �.#�

%0�$!,&��*7;%1 9$! �� 4%(%%� &�!$%(97;!, %1 '!(� 3 0#&&5

<5 �&&4!$��#(# $%(#0%)# - �'!&&# - %24%F!(%9 (#4!�#7;!6� %�(# )

9$ * “0%K!(%”� �39�4!(3 �&(��(3! +! �3 �4%9(%9 1# #)�! %&�%) &%&�!03

� ��+)! )#&#(%9 (# I��47'%7 0�(�&%&�!035

O5 �&&4!$��#(� �4%9(%! �
 &�#4)%�#7;%1&9 9$! � %1 (#+#4C(�, - ��

&� #(&��!((�, � %!(�#'%% % !! -�&4!$*7;!6� %.0!(!(%9 (# - �'!&& - %24%�

F!(%9 (#4!�#7;!6� %�(# ) 9$ * “0%K!(%” % (# 1# #)�! %&�%)% &%&�!03 �

��+)! )#&#(%95

@5 � ��!$!(� 0�$!4% ��#(%!  !#)'%, & *+#&�%!0 �3�9(*�31 M100Mo %
110PdN % &"! %+!&)%1 M16,18O� 48Ca % 208PbN � �&(��(�0 &�&��9(%% 9$! � -�4*�

+!((3! �'!()% &!+!(%, )#&#(%9 % &4%9(%9 %&1�$(31 9$! � &!+!(%, �2 #.��#�

(%9 �&�#�)�� %&-# !(%9 % 1# #)�! %&�%) �&)�4)�� $!4!(%9 9$! M0#&&��3!

% 0#&&���/I(! 6!�%+!&)%!  #&- !$!4!(%9N 1� �K� &�64#&*7�&9 & I)&-! %0!(�

�#4C(30% $#((30%5

����
� ������ �&! �&(��(3!  !.*4C�#�3 $%&&! �#'%% -�4*+!(3 &�%&�

)#�!4!0 &#0�&��9�!4C(�5

��	������
��� �  �������
��� ������	
��� �#&&0�� !((3, -�$�

1�$ ) #(#4%.* - �'!&&# &4%9(%9/$!4!(%9 9$! 0�F!� - %0!(9�C&9 $49 �289&�

(!(%9 *F! %.�!&�(31 $#((31 I)&-! %0!(��� -� &%(�!.* �9F!431 % &�! 1�9�

F!431 I4!0!(��� % $49 -4#(% ��#(%9 (��31 I)&-! %0!(���5 �  #0)#1 �
�

0�F(�  #&&+%�#�C &!+!(%9 )#&#(%9 % &4%9(%9 %&1�$(31 9$! � &!+!(%9 �2 #�

.��#(%9 �&�#�)�� %&-# !(%9 - % & !$(%1� (# >=�>P �I� - !�3K#7;%1 )*4��

(��&)%, 2# C! � % �3&�)%1 I(! 6%91  !#)'%,5

!��	�
 �

���	������ � % -�&� �!(%% 0�$!4% $49 .#$#(%9 .#�%&%�

0�&�% -��!('%#4C(�, I(! 6%% 9$! �� %1 $!"� 0#'%�((31 -# #0!� �� %&�

-�4C.��#(# 0�$!4C F%$)�, )#-4% & �2�4�+!+(30% -�- #�)#0%�  #&&+%�#(�

(30% -� 0!��$* 
� *�%(&)�6�5 �49 �-%&#(%9 $%(#0%+!&)�, I��47'%% -# #�

0!� �� "� 03 &%&�!03 %&-�4C.��#(3 &��1#&�%+!&)%! 0!��$3� # $49  #&+!�#
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� #(&-� �(31 )�I""%'%!(��� $%(#0%+!&)%1 * #�(!(%, M* #�(!(%, �#(F!�

�!(#N %&-�4C.��#(# 0�$!4C 4%(!,(�6� ��)4%)# % 4�)#4C(�! 6# 0�(%+!&)�!

- %24%F!(%!5

� �	��"�� ���	�
� �&(��(3!  !.*4C�#�3  #2��3 $�)4#$3�#4%&C %

�2&*F$#4%&C (# (#*+(31 &!0%(# #1 �#2� #�� %% �!� !�%+!&)�, "%.%)% %05

�5�5 ��6�472��# �28!$%(!((�6� %(&�%�*�# 9$! (31 %&&4!$��#(%,� (# 0!F�

$*(# �$(31 )�("! !('%91 “QRSSTUV WSXYZT[\ ]U ^R_ZT`S Wab\]_\ `Uc dVX[]_

eUTSfb” M�%!�� �) #%(#� <==B 65� <=>= 65N� “
$! (#9 %  #$%#'%�((#9 "%.%)#”

M�40#�3� �#.#1&�#(� <=>> 65N� (# “ggg hXRUf i_]TUV]\V\ QXUjTSTU_T” M�%!��

�) #%(#� <=>> 65N� (# )�("! !('%91 0�4�$31 *+!(31 % &-!'%#4%&��� ��
�

M�*2(#� <=>= 65� <=>> 65� <=>< 65N5

#������"��� �&(��(3!  !.*4C�#�3 -� �!0! $%&&! �#'%% %.4�F!(3 �

A -!+#�(31 %.$#(%91� � ��0 +%&4! @ %.$#(3 � F* (#4#1�  !)�0!($��#((31

���5

$�%�� � 
�������� ���	�
� �%&&! �#'%9 &�&��%� %. ��!$!(%9� � !1

64#� % .#)47+!(%95 �%&&! �#'%9 &�$! F%� >>> &� #(%' �!)&�# & OP  %&*()#�

0%5 
-%&�) 4%�! #�* 3 �)47+#!� AO (#%0!(��#(%95

�
�
�����
 ���
	�

�	 �������� �2�&(��3�#!�&9 #)�*#4C(�&�C %&&4!$��#(%,� - ���$%031

�  #0)#1 $#((�,  #2��3� "� 0*4% *!�&9 '!4C� &�#�9�&9 .#$#+%  #2��3� $#!��

&9 ) #�)%, �2.� -� �!0! $%&&! �#'%%5 � +#&�(�&�%� - %��$9�&9 �2;%! -�4��

F!(%9 %&1�$(�, �
� k>l� �-%&3�#7;!, - �'!&& &4%9(%9�$!4!(%9 �9F!431

9$! � *4*+K!(%7 )��� �, -�&�9;!(# $%&&! �#'%95 � I��, 0�$!4% - !$4��

F!( 0!��$ -�&4!$��#�!4C(�6�  #&&0�� !(%9 - �'!&&�� &24%F!(%9 9$! � %1

&4%9(%9� % $!4!(%9 �2 #.��#�K!,&9 0�(�&%&�!035 �! !1�$ 0!F$* &�#$%90%

- �'!&&# &4%9(%9�$!4!(%9 �&*;!&��49!�&9 �#)%0 �2 #.�0� +��23 �&(��(3!

1# #)�! %&�%)% &%&�!03 M!! *64���, 0�0!(� % -��!('%#4C(#9 % �(*� !((99

I(! 6%%N &�1 #(94%&C5 �&! � % &�#$%% - �'!&&# &4%9(%9�$!4!(%9 �-%&3�#7��

&9 $%(#0%+!&)%� - %+!0 $�! -�&4!$(%! &�#$%% M&4%9(%! 9$! % $!4!(%! �2�

 #.��#�K!,&9 0�(�&%&�!03N �28!$%(97�&9 � �$(*5 J�# �28!$%(!((#9 &�#$%9

� #)�*!�&9 )#) I��47'%9 0�(�&%&�!03 �� "� 03� %0!7;!, (*4!�*7 K!,)*�
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$� �&(��(�6� &�&��9(%9� # .#�!0 (#.#$ ) "� 0#0� %0!7;%0 (*4!�*7 K!,)*�

�-4��C $� $!4!(%95 ��(!+(�� ��.0�F(3 % $ *6%! &'!(# %% -��!$!(%9 0��

(�&%&�!035 �#- %0! � $!4!(%! 0�F!� - �%.�,�% !;! -� -*�% ) �&(��(�0*

&�&��9(%75 �%2�� (#1�$9&C � �&(��(�0 &�&��9(%%� &%&�!0# 0�F!� &2 �&%�C

�&7 %.23��+(*7 I(! 6%7 ��.2*F$!(%9 % �2 #.��#�C �&�#��) %&-# !(%95

#����� &���� -�&�9;!(# %.4�F!(%7 %&-�4C.*!031 �  #2��! 0�$!4C�

(31 - !$&�#�4!(%, � 9$ ! % �(*� %9$! (31 - �'!&&#15 J�% &�!$!(%9 (!�21��

$%03 )#) $49 �-%&#(%9 - �'!&&# &24%F!(%9 %&1�$(31 9$! � �#) % $49 �-%&#�

(%9 I��47'%% 0�(�&%&�!035 � -5 >5> �-%&#(# %&-�4C.*!0#9 -# #0!� %.#'%9

"� 03 9$ #� �&(��#((#9 (# ��#4�%$#1 �#&&%(% k<l5 � % 0�$!4% ��#(%% - ��

'!&&# - %24%F!(%9 (#4!�#7;!6� %�(# ) 9$ * “0%K!(%” "� 0# )#F$�6� %.

9$! -# #0!� %.*!�&9 & -�0�;C7 �$(�6� -# #0!� # $!"� 0#'%%5 � % �-%�

&#(%% I��47'%% 0�(�&%&�!03 !! "� 0# .#$#!�&9 � !09 -# #0!� #0%5

� %&1�$(�, �
� k>l $!"� 0#'%�((#9 .#�%&%0�&�C -��!('%#4C(�, I(! �

6%% )#F$�6� %. &�#4)%�#7;%1&9 9$! .#$#�#4#&C � 0�$!4% F%$)�, )#-4%

M�D�N� %1 %(! '%�((3! % " %)'%�((3! �!(.� 3  #&&+%�3�#4%&C 0#) �&)��

-%+!&)%5 � -5 >5< - %��$9�&9 �&(��(3! -�4�F!(%9 �D�� -�$ �2(� �-%&3�

�#!�&9 0#) �&)�-%+!&)%, 0!��$  #&+!�# -��!('%#4C(�, I(! 6%% 9$ #� %(! �

'%�((�6� M0!��$ �! (! #/�%4! # 2!.�%1 !��6� �!+!(%9 9$! (�, F%$)�&�%N
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&��9;!, %. $�*1 )�&(*�K%1&9 9$! 5 �&(��(#9 .#$#+#�  !K#!0#9 �� ��� �,

64#�!� .#)47+#!�&9 � *&��! K!(&����#(%% �
�� -�.��497;!0 *+%�3�#�C

�
 % � %!(�#'%7 &�#4)%�#7;%1&9 9$! 5 ��$ *+!��0 � %!(�#'%% -�(%0#!�&9
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� �$(�, -4�&)�&�% M&05 -5 <5>N5
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q̇β = μβνpν ,

ṗβ = −1

2
pνpη

∂μνη

∂qβ
+Kβ − γβνμνηpη + ϑβνξν , M>N

β, η, ν = 1...N.
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47'%% 0�(�&%&�!035 G� 0# 0�(�&%&�!03� �2 #.��#�K!,&9 -�&4! )#&#(%9
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�2&*F$#!�&9 � --5 O5<5<5 �(�!6 % ��#(%! I�%1 * #�(!(%, -�.��49!�  #&&+%�

�#�C &!+!(%9 &4%9(%9 %&1�$(31 9$! � &!+!(%9 �2 #.��#(%9 �&�#�)�� %&-# !�

(%9�  #&- !$!4!(%9 �&)�4)�� %&�%((�6� $!4!(%9 M)�#.%$!4!(%9N -� 0#&&#0 %

I(! 6%90� $#((3! � 0(�F!&��!((�&�% %&-*;!((31 4!6)%1 +#&�%' % 6#00#�
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;%1&9 9$! 4!F#� (# �$(�, - 90�, M--5 O5O5<N� ��� �, H � ��0� +�� �(% 4!F#�
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 #�(!(%! -�4*+!((31 �!4%+%( &!+!(%, �2 #�

.��#(%9 �&�#�)�� %&-# !(%9 σer 0!F$* &�2�,� & �!� !�%+!&)%0% �'!()#0%�
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`VX[]_ TUTSfb� �s5 00� M<=>=N �W5 O@>�O@P5

E5 w5 g5 xX\TUvX� y5 d5 gu`UbRv� s5 s5 W`\avTu]_a� ~5 s5 ~]UUTS `Uc

s5 t5 t]VUTu\vb� }aT VmX \VT| [XcTZ jXS jR\]XU�{\\]XU ST`_V]XU\ oo WSX_TTc]Uf Xj

VaT <�Uc gUV5 QXUj5 “QRSSTUV WSXYZT[\ ]U ^R_ZT`S Wab\]_\ `Uc dVX[]_ eUTSfb”�

xb]u� �RUT A�>P� <==B� WRYZ]\a]Uf ~T|`SV[TUV Xj xg^q� M<==BN �W5 >P=�>P@5

?5 �5 �5 �%�(!�&)%,� �5 �5 ��&!()�� G5 �5 ��#(7)� �5 �5 �#K)!�

�%+� �+!� %($%�%$*#4C(31 �&�2!((�&�!, &�#4)%�#7;%1&9 9$! � - �'!&&!

&4%9(%9�$!4!(%9 oo “�!�3 (#$'#�#9 (#*+(#9 )�("! !('%9 0�4�$31 *+!(31

% &-!'%#4%&���” ��
�� �*2(#� >�E "!� #49� M<=>=N �
5 @=�@O5

B5 s5 t5 t]VUTu\vb� y5 d5 gu`UbRv� w5 g5 xX\TUvX� s5 s5 W`\avTu]_a� }aT

jR\]XU Xj aT`ub ]XU\ m]Va]U VaT VmX \VT| ST`_V]XU [XcTZ oo WSX_TTc]Uf Xj VaT O�Sc

gUV5 QXUj5 “QRSSTUV WSXYZT[\ ]U ^R_ZT`S Wab\]_\ `Uc dVX[]_ eUTSfb”� xb]u� �RUT

?�><� <=>=� WRYZ]\a]Uf ~T|`SV[TUV Xj xg^q� M<=>=N �W5 >E?�>?>5

A5 �5 �5 �%�(!�&)%,� �5 �5 ��&!()�� G5 �5 ��#(7)� �5 �5 �#K)!�%+� �+!�

�2�4�+!+(�, &� *)�* 3 &�#4)%�#7;%1&9 9$! � - �'!&&! &4%9(%9�$!4!(%9 oo

96



“B�9 0!F$*(# �$(#9 )�("! !('%9 
$! (#9 % �#$%#'%�((#9 "%.%)#” �
G

�
� ��� �40#�3� �#.#1&�#(� <=�<O &!(�92 9� M<=>>N �
5 <?>�<?P5

����
� ��	
��	���

k>l �5 �5 ��&!()�� G5�5 ��#(7)� �5�5 �#K)!�%+� �(�6�0! (3, 4#(F!�!�

(��&)%, -�$1�$ ) �-%&#(%7  !#)'%% &4%9(%9�$!4!(%9 18O +208 Pb oo


G 1.� M<==<N >E<A�>EOE5

k<l s5 s5 W`\avTu]_a� �U VaT`\b[[TVS]_ cTjXS[`V]XU Xj {\\]XU]Uf UR_ZT] oo
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