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�R!$8A8&>�%&%&�$>(-('(+.'�#0�b! 5 �$^`@K! 5 /A!$%;%G!I���$��-(*4-(+_*,-('�*4Dp*,'(>(!$� 1_+_'(+ /G+ 5 /G� %;8�!�/ � ���<; �� q!$-('
; �0 C'�+�H %;+�+�8R/&�C/ z +]#m+�!$^ '(*,%;+ 5 /&*,� -oM 3 D$+_�$��/ z +�^ z !$'d!$-0/&*JEF���$^`@�/&� -68 z *,+.�,'(8GP ��!$-('d#0�
!qQ��)S �_��X ��� � � ��<?U�QTS '(+ /G+ 5 /G� %O@��"! 5 +�'b!L/ � ��'(+�H$%&+�+.8R/G� ! 5 /�!$8O!�-�� -?E:�$%;/ z � H � -K!L�
�\E %G!I�o@�� �,!$%&*4^`+ /G+�%.��U z +q+ �?@m+.%&*,^j+�-0/ @(%;��D?*4'(+�'|+ � 5 +��4�,+.-�/ '(!L/�!�� -�KE+� 5 � *,- 5 *,'�+�- 5 +�8 !$8
��+.�,��!$8�*,-?�f� %&^`!L/G*4� -�� -d/ z + �\E %G!I�b!$-�*,8&�L/G%&�$@(*,+.8O!$-('b/ z +.*,% �KE:%&!I�d@m�$�"!$%;*,}I!�/G*,�$-(8��X /G�$/G!$�
�$� �0 �-�+ � �KE:%G!I�p8 z !ID$+]#m+.+�-d*4'(+�-0/G* 3 +�' 5 � %;%&+�8;@m�$-('(*,-�HC/G���,+C-(+ � 8F/�!L/&+�8]M�8&�$^`+)�$��/ z +.^
��*4/ z 3 %&^ 8;@(*,-	!$-(' @K!L%&*4/:�{!L8&8&*4H -(^j+�-0/ P � !$87��+��,��!$8 � � -�+ � �KE:%G!I�p8 5 � %&%;+�8;@m� -�'(*,-(H=/G�
�,�h@(%;+.Dp*,� >�8&�4� ��-(����-��,+ D +.�,8��=B:-�!$'�'(*4/&*,� -�� �h@�%&+.Dp*4� >(8&�J� �p-��4��- �KE %G!I�p8 ��+�%&+68&+�+.- �f� %
/ z + 3 %;8;/_/G*4^`+C*,-~!$-|*4-?E:#�+I!$^ + �?@�+�%;*,^j+�-0/I��X)^`�$-(H 8;/�/ z +q-(+ � �4+.D +.�,8.��-(+ � 5 !$-('�*,'K!L/&+�8
�f� %�/ z +�/ ���LE:@K!L%;/G* 5 �4+ 5 � - 3 H >�%G!L/&*,� -�8F/�!L/&+�8 z !�D$+_#m+.+�-��f� >�-('d!$8 ��+��4��!L8��f� %�/ z + M"� >>= � � P
!$-(' M;� > = � > P�/ ����E:@ z �$-(� -�^�>(�J/G*,@��,+./&8��oX D$+�%F� *,^j@�� %;/G!$-0/�%&+.8&>(�J/q*,8Z/ z +�>�-(+���>(*JD � 5 !$�
*,'(+.-�/&* 3K5 !L/G*4� -��$��/ z + � � ^j+�^�#�+�%��$��/ z +]/ ���LE @ z � -(�$-=� 5 /&>(@�� �,+)*,-�sfuWv�1_'d#0��*,'�+�-0/G*J���?*4-(H
/ z +�/ � #�%G!$- 5 z *,-(H /G�q/ z +��$-(+ E @ z � -(�$- � > 8;/G!L/G+L�TU z *,8�%&+.8&>(�J/G8�@(%;+�8&+.-0/�/ z + 3 %&8;/ 5 � - 5 �4>?E
8&*4D$+�� #(8;+�%FD$!�/G*,�$-o�$�T! � �@? � > ? � � '(� >�#(�,+'/)� 5 !$8 5 !$'(+C*,-�/ z +C'�+ 5 !I�h�$�T!`/ ���LE:@ z � -(� -
� 5 /G>(@�� �,+_8F/�!L/&+$�



� � ��(k������ 


, -�� ��� 4
6��	��
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U z +|@(%;+�8&+.-0/ ��� % � 5 �$- 5 +.%&-(8d/ z +|8;/G>�'�� �$��@K!L%;/G* 5 �4+ E z � �,+b^�>(�J/G*4@(�,+ /G8`!$-(' @m�$8&8&*4#(�,+
'(� >�#(�,+ E:@ z �$-(� -�8;/�!�/G+�8j*,- sfuWv�1_'���!{8;@ z +�%;* 5 !$��-p> 5 �,+.>(8 � z * 5 z @(%&+.8&+.-�/&8 5 z !$%&! 5 /&+�%;*,8;/&* 5 8
�$��!j'(� >(#(�J�0E:^`!$H * 5 -�> 5 �,+�>�8���U z +�+ �?@�+�%&*4^`+.-0/�!$�*,-0D +.8;/&*,H0!L/&*,� -��$� / z +q!$#���D +C^j+�-0/&*,� -(+.'
8;/G!L/G+.8�'(+.^6!$-�'(8`/ z +h*4'(+�-0/G* 3K5 !�/G*,�$-��$�_�p%&!$8;/�!$-(' !$#���D + E �p%G!$8F/d8;/G!L/G+.8�*,-�/ z +�-�> 5 �4+�>(8.�� z *4�,+o/ z +~�f�$%&^j+�%d!$%;+~%&+��,!L/G*JD +.�4� +�!$8;�t/G��8;/G>�'�� + �?@�+�%&*4^`+.-0/�!$�4�4� ��/ z +{�,!L/&/&+�%�@�%&+�8;+�-0/
8&+.%&*4� >(8C'�* ( 5 >(�J/G*4+�8���B:-�/ z + 3 %&8F/ 5 z !L@�/G+.%�� ��+ ��*,�4�l+ �?@(�,!$*,-~/ z +`^`�L/G*4DL!L/&*,� -o/&�h@�+�%F�f� %&^
8&> 5 z 8;/G>�'(*,+.8�� ��+ ��*4�,�l8;>(^`^`!$%;*,8&+j@(%;+.Dp*,� >�8 ��-(�����,+.'(H + 5 � - 5 +.%&-(*4-(Hh/ z *,8�-�> 5 �4+�>(8q!L-('
/ z +C@�� 8&8;*,#(�4+Z^j+I!$-�8)/G�`@m�$@(>(�"!�/G+Z!$#m��D$+ E �p%&!$8;/�8;/�!�/G+�8.��!$-(' ��+ ��*,�,��H$*4D +C!$-h��D$+�%;Dp*4+ � �$�
/ z +ADp*,#�%G!L/&*,� -K!L�(^`�p'(+.8�!$-�' 5 +.-0/G+�%�� >(%�!L/;/G+�-0/&*,� -`� -j/ z +A� 5 /G>(@�� �,+�^j�?'�+�8����	+ ��*,�4�\!$�,8;�
H *JD +]/ z +�%;+I!$8;� -(8 � z � ��+_/ z *,-9�j/ z !�/O/ z + -(+ � + �?@�+�%;*,^j+�-0/�!$��'(+.D$+��,�$@(^`+.-0/G8)!$�,�4�4� >�8�/&�
%&+�! 5 z / z *48_H �0!$� -��4� �qB:- 5 z !$@?/G+�%Z� ��+ ��*4�,�7'�*,8 5 >(8&8_/ z + + �?@m+.%&*4^`+.-�/�!L-('{/ z +j!$-K!$�J�p8&*,8
^j+./ z �?'(8 � z +.%&+Z'(*,%;+ 5 /&*,� -(!$��!$-(H >��"!$%O'(*48;/&%&*,#�>�/G*4� -(8�!$-('�@m�$�"!$%;*,}I!�/G*,�$-d!$-K!$�J�p8&*,8�^j+./ z �?'�8
��*,�4��#�+�'�+�8 5 %&*4#m+.'�*4-='�+./�!L*,����B:- 5 z !L@�/G+.% � ��+ ��*4�,��8 z ��� / z + + ��@�+�%;*,^j+�-0/�!L��%&+�8;>(�4/&8O�f%&� ^
/ z +R@(%&+.8&+.-�/ ��� % ���LB:- 5 z !$@�/&+�%)� ��+ ��*4�,��'(*48 5 >�8&8 / z +�%&+.8&>(�J/G8 5 � - 5 +�%&-�*,-(H]/ z +�@K!L%;/G* 5 �4+ E z � �,+
8;/G!L/G+.8�!$-('d^`!,�$+_^C>(�4/&*,@(�4+./�!$8&8;*,H -�^`+.-�/&8R/G�C/ z + 3 %;^`�J�`+.8;/G!$#(�,*48 z +.'d�,+ D +��48��(B:- 5 z !$@�/G+.%A 
/ z + / ���LE @ z � -(�$-h� 5 /G>�@m� �4+_8;/G!L/G+.8�!$%;+ + �?@(�,�$%&+�'=*,-b'(+.@�/ z !$-('=^�>(�J/G*,@��,+./ 5 !$-('�*,'K!L/&+�8A!$%;+
@(%;� @m�$8&+�'��

, -�� ����� � � ��� � 6���������

U z +jH0!$'(� �4*,-(*4>(^ *,8;�$/G�$@m+.8 !$%&+ 8&*J/G>K!�/G+�'~*4-o/ z + @�+�%&*4�?'�* 5 /G!$#(�,+C*,-|/ z + %&!$%&+q+�!$%;/ z �$%
�"!L-�/ z !$-(*4'(+h%;+�H *4� -�� sfuWv 1_' *,8d!$- >(-�8;/�!L#(�,+o-�> 5 �,+.>(8��)#(>�/b*,86-(�$/�D$+�%;�t��!$%d! �R!I���f%&� ^
8;/G!$#(*4�,*4/:��M�8;+�+�V�*,H >(%;+
	 � � � �"P ��B:-	@(%&+ D?*4� >(87���$% � 	 � �7� ��� -�sfuWv�1_' !$-�'	*4/&8 -(+�*4H z #m� >�%&*,-�H
-�> 5 �4+�*N�O*4/ �R!$86+�8;/G!$#(�4*,8 z +�'t/ z !L/6/ z +oH0!L@ M����?������+.�_P`*,-�/ z +h@(%&�$/&� - 8;*,-(H �4+ E @K!$%;/&* 5 �,+
8&@�+ 5 /G%;>(^ !L/$��
 �,��!$-('q/ z + ��+��,� E ��-(����-j^6!$H$* 5R5 z !L%G! 5 /G+�%�!L/��"
7+ �_H$*4D +O/&�qsfuWv�1_'j^6!$-0�
�$��/ z +��f+�!L/G>(%;+�8��$�!Z'(�$>(#(�4� 5 �,� 8;+�'�8 z +��4�m-�> 5 �,+�>�8 M�8;+�+_V7*4H >(%;+ 	 � � � ��P � B:-b!$'('�*4/G*4� -���sfuWv�1_'
*,8T/ z +�� -(�J�q+.D$+�-?E +.D$+�-b-�> 5 �4+�>(8R#�+�8;*,'(+.8 8 � � �l#6/ z !L/�+ � z *,#�*4/G8�! � > 3 %;8;/R+ � 5 *4/&+�'�8F/�!L/&+$� X)8
��+ ��*,�4�(8&+.+��,!L/G+.%��0/ z *48���! 5 /T��!ID � >(%;8�/ z +)*4'(+�-0/&* 3K5 !L/G*4� -`�L��/ z +A/ ���LE:@ z � -(� -68;/�!�/G+�8�� - / z *48
-�> 5 �4+�>(8.�TX�-b!$'('�*4/G*4� -K!$�m!$'�DL!$-0/G!$H +]�$��8F/G>('?�?*4-(H sfuWv 1 '6*,8�/ z !L/O*J/R*,8�+I!$8;*,�J��! 5.5 +.8&8&*4#(�,+�#��
�f>(8;*,� -?E +.DL!$@�� %G!�/G*,�$-j%;+I! 5 /G*4� -(8��$� z * 5 z !$�,�4�4��8T8;@m+ 5 /G%;� 8 5 � @(* 5 8;/&>('(*,+.8��$���p%&!$8;/R!$-('d!$#���D + E
�p%G!$8F/A8;/�!�/G+�8.�

U z +�+�-(+.%&H$��8&@(�4*4/&/&*,-(H$87�$��@?E z ^C>(�4/&*,@(�4+./G8�*,-6sfuWv�1_' !$%&+O�L�m@(!$%;/&* 5 >��"!$%�*,-0/G+.%&+�8F/�#m+ 5 !$>(8;+
/ z +.� H *JD +�>(8�*,-��f� %;^6!�/G*,�$-q!$#�� >�/T/ z +�-�> 5 �,+��$-?E:-�> 5 �,+��$-6%&+.8&*4'(>K!$�K*4-�/&+�%&! 5 /&*,� -j!$-('`@(%&��Dp*,'�+
�f>(-('(!$^`+.-0/�!$�T'K!L/G!=�f� %�8 z +��,�T^j�?'�+�� 5 !$� 5 >(�,!L/G*4� -(8_*4-{/ z *,8�%&+.H *,� -��dU z +�8;+�'K!L/G!h!$%;+`8;@m+ E
5 *,!$�,�J� *,^j@m�$%;/�!L-�/��f� %R>(-�'(+�%;8;/�!L-('(*,-�H�/ z +]�p%G!L8;/A!$-('b-(+�!$%FE��p%G!$8F/�8;/�!�/G+�8O�L��^j� %;+ 5 �$^`@(�4+ �
8;/&%&> 5 /G>(%;+�8�*,-�/ z + sfuWv 1 'd-�+�*,H z #�� >(%;*,-(Hq-�> 5 �,+.*�� � z +�%&+_D$+�%;�6�f%&+���>(+.-0/G�4�6/ z +_@K!L%;/G* 5 �4+ E z � �,+
+ � 5 *4/�!�/G*,�$-(8�! 5 %&�$8&8�/ z +"��
7�*�Z8 z +��4�mH0!L@ 5 �$-�/&%&*4#(>�/G+L� B:-d!$'�'(*4/&*,� -���sfuWv�1_'6@�%&+�8;+�-0/G8R!$-d!$'?E
DL!$-0/�!$H$+_��D$+�% 8 � � �l#�#�+ 5 !$>(8&+_/ z + @(%&�$/&� -b@?E z 8F/�!L/&+�8A*,-hsfuWv�1_'�!L%&+ �,����+�%O*,-b+.-(+�%;H$��/ z !$-
/ z +]-(+�>?/G%&�$-d@?E z + � 5 *4/G!L/G*4� -(8�!p/ z *48�^`!,�$+.8R/ z + 5 z !$%G! 5 /G+.%&*4}I!L/&*,� -��L��/ z +]8F/�!L/&+�8O+�!$8&*4+�%�'�>(+
/G�q/ z +_��! 5 /�/ z !L/O/ z +.%&+�!$%;+ �f+ ��+.%)@pE z 8;/G!L/G+.8)!�/A/ z !L/��4�4� + � 5 *4/�!�/G*,�$-=+.-(+�%;H$� �
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Stable Isotope

Gd region146

Z

N
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828180 83 8479

Sm SmSm141

Pm Pm141 Pm142

NdNd140 Nd142

Pm143 Pm144

Nd143

Sm146Sm145144Sm

145EuEu144Eu Eu146 Eu147

Gd147Gd
(48.3 d)

Gd145Gd144 Gd148

Tb148 Tb149147TbTb146

148Dy Dy150Dy

142

143

140

141
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146

149

V7*,H$>(%&+ � � � YlU z +�sfuWv�1_'b%&+�H$*,� -b*,-d/ z + -p> 5 �,*4'(* 5�5 z !$%;/��

U z +O+ �?*,8;/&+�- 5 +O�$�\/ ����E:@ z �$-(� -q� 5 /G>�@m� �4+�^�>��4/G*4@(�,+ /G8*,-�'�� >(#(�J��E ^6!LH * 5 -�> 5 �4+�* ��!$8 @(%;+ E
'(* 5 /G+�'d�4� -(Hq!LH �bM�8;+�+]�f� %�*,-(8F/�!$- 5 +�	 ���"P �TQ7�?@m+.%&*,^j+�-0/G!$�,�J�q/ z +.8&+_8;/G!L/G+.8 z !ID +_#�+�+.-=8;� >(H z /
�f� %_!��,�$-(H6/G*4^`+�*,- 8 � � �l#���!$-('oD +.%;�|8;� �,*4' 5 !L-('(*,'(!L/G+.8��f� %)/ z +�8;+ + � 5 *J/�!L/&*,� -(8 z !ID + #�+�+�-
�f� >(-('b%&+ 5 +.-�/&�4�6*,- 	   ���lU z +�8&+ 8F/�!L/&+�8 z !ID +�!$�48&��#�+�+.-=*4-0D +�8F/G*4H0!L/G+.'b*,- sfuWv 1_'������,� 8;+��J�6%;+ E
�"!L/&+�'d8;/G!L/G+.8 ��+.%&+ *,'(+.-0/G* 3 +�' 	 ���\� ��*,-hsfu A 1_'�M
	�� A : 8 = � > = � > PR!L-('d*,-hsfu � 1_'�M
	 8 = � >>= � > P �
B:- / z +R�f>(8;*,� -?E +.DL!$@�� %G!�/G*,�$-C8;/&>('��q�L� 	 + ��/ ��� @�� 8&8;*,#(�4+ 5 !$-�'(*,'K!�/G+�8��f� %7/ z +�M;� > = � > P78F/�!L/&+�8
��+.%&+ @(%&�$@m� 8;+�'~*,-{sfuWv�1 '�� U z + 5 � - 3 %;^6!�/G*,�$-h�$�T/ z +�+ �?*,8F/G+.- 5 + �$�l/ z +�8;+j8F/�!L/&+�8 !$-�'o/ z +
*,'(+.-�/&* 3K5 !L/G*4� -6�L��/ z +)�$/ z +�%�^C>(�4/&*,@(�4+./T^j+�^�#�+�%;8�*,8�� -(+)�$��/ z +]^`!$*,-jH �0!$�48T�$��/ z +)@(%&+.8&+.-�/
*,-0D +.8;/G*4H0!L/&*,� -��

,.-�� 	��������� �	����� 8 ��� � 8�6
4 � 9�������������� 3 4
8 4 � 3
U z +_� 5�5 >(%&%;+�- 5 +_�$��/ z +�^6!$H$* 5 -�>(^C#m+.%&8 z !$8�#m+.+�-b� -(+]�L�/ z +]8F/G%&�$-(H +�8F/�^`�L/G*4DL!L/&*,� -�8

�f� %=/ z +~�f� %&^�>��"!L/&*,� - �$�Z/ z +{8 z +��,� ^j�?'�+���� XR/�/ z +�8;+	@(%;�$/G�$- !$-�' -(+.>�/G%;� - -�>(^�#�+�%;8��
+ �m+ 5 /&8b!$-K!$�4� H � >�8j/&�	/ z +h+��,+ 5 /&%&� - 8 z +��4� 5 �,� 8;>(%&+�*,- !L/&� ^j8�!$%;+h� #(8;+�%FD +�'�� U z +o^6!L*,-
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νπ

Quasiparticle Energies (MeV)

d3/2
h11/2
s1/2

d5/2
g7/2

g7/2
d5/2
h11/2

d3/2
s1/2

f7/2

p3/2

p1/2
f5/2
i13/2

h9/2

V7*4H >(%&+ � � �?Y�[]>K!$8&*4@K!$%F/G* 5 �,+�+ �?@�+�%&*4^`+.-0/�!$��DL!$�,>(+.87�$��/ z +R+.-(+�%;H$���f� %�@�%&�$/&� -(8l!$-�'�-(+�>?/G%&�$-(8
*,-d/ z +���
 +0�q!$-(' ��
 �,�q%&+.H *,� -��

5 z !$%&! 5 /&+�%;*,8;/&* 5 !L/�/ z +�8&+d-�>(^C#m+.%&8�*48Z/ z !L/�/ z +�-�> 5 �4+�>(8�*48C+.8&@�+ 5 *,!$�,�J�{8;/�!L#(�,+L�oU z +d8 z +��,�
^j�?'(+.�m*48�#K!L8&+�'b� -`/ z + !$8;8&>(^j@�/&*,� -��L�!$-d!ID +.%G!$H +_@��$/&+�-0/G*,!$� Mf#(>(*4�4/�>(@d#0�6/ z +_! 5 /&*,� -`�$�
!$�4�m/ z +�-�> 5 �,+.� -(8�PO*,- � z * 5 z / z + -�> 5 �4+�� -(8 5 !$-�^j��D + *,-�'(+�@�+�-('�+�-0/G�J� �

B:-�/ z +T'(� >(#��4�]^`!$H * 5 -�> 5 �,+�*N��� z +�%;+�#��$/ z @(%;�$/G�$-(8!$-(' -(+�>?/G%&�$-(8 3 �,�$/ z +T8 z +.�,�48�'(+ 3 -�+�'
#0�q/ z +A^`!$H * 5 -p>�^�#m+.%&8.�?-�> 5 �,+��$-(8�!L%&+�8;/&%&� -(H$�4�q#�� >(-('�+�'�!L-('j/ z +A-p> 5 �,+.>(8�*,8lD +.%;� 8;/G!$#(�4+
!$H0!L*,-(8F/�+ � 5 *4/G!L/G*4� -(8.� B:-`/ z +�8;+�-�> 5 �4+�*\/ z + 3 %;8;/R+ � 5 *4/G!L/G*4� -(8�!$%;+)+.*4/ z +�%��$��Dp*,#(%&!L/G*4� -K!$��M�8&+.+
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Õ¿� � ��� ¡ � �Û�<���0�L���P�Ú���5���m¢ § � � ×Ý¦ � � V � �L���Z� � '����PË����,¦¿�,�~�m}���}��Sµ � �,� � � � ��}����Ú��� ��§
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