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Ñ$ ¤�W�� }æ$ �ò��� �Ô�"æk" rf� ®�¾ª �o� �æW�� '" �ò]þf�� ¢æÒ�� 
ü� ��æT�i æ"  ¤� ¢� Úc Ã¾
i ]L��� '" �Ã¾Ç¾� �²� ¤ �ùôÒ �ê �T�ÜË �ý�� Ñ$ ¤æ`é»·� ����5ó� &�1 �Ò �QXFOHDU SK\VLFV�

Ñ$ ¤�W�� *"TW��æ+ �1DJDVDNL� �����æ�æ.� ¤ �+LURVKLPD� �æ�{p¤�òÒ� �oZ�sæ+æM�� �oZ�io»·� yR� �]"
Ñû¥o»· �QXFOHDU UHDFWRU� ¦¤�W�� ��æ�»·� �æ0�.� ¤ i ������ Ññ¯æ]�� ÑM»·æ��� �A5ó� ²��¤� �ê
æÔ��Ò³ �ý�� Ñ�n»·� �æ$æ�W�� �Hæn" ���æ` o�� ¤ z ���� ¡æ� Ññ¯�®�¤Æ¾� �&KHUQRE\O� ��ñ¬�.]J6�
z Ñ$ ¤�W�� Ñ�æ{�� ¡�o+Z`� '" �æW�� ��« ��A��m� �ê �"æn�� �æ"1�� Ñ,�`� �æn�s� ¤ Ñ$ ¤�W�� �ùô�æ�»·�
¤ i ÑTxæ� S&æ��� �+ u�� ¦¤�W�� ¦�æW��  ¤� æÔÔ°��1 Ã¾ ÑM�M�5ó� AxæáàÜ� £nÒ ¢� 
ü� æWÒ ��æcÂ¾� �o×³
z Ñ$ ¤�W�� Ñ�æ{�� �æ{«� '" '"é�n æÔ��ÁM` Ñ$ ¤�W�� æM°���WþZ�� '" £�ùô+ ðÞ� ¢é+ o�Z�$ ¢� o�Æ¾ U��
z ��Æ¾� '" ¢�x" �H �ê �T�Zk»·� �ê �Ü�æû¬� �æM¬ ¤ �æW�� �æM¬ U�t ¤ ÑM»·æ� Ñ$ ¤�W�� ÑMP��æ�

i 2MK �æ{. �ê æÒ][¬ rf� ��æ� �H �%�$ ¢� �×¦ �ý�� ÑMT�k�� �æ�TZ�� £nÒ �H '" �÷Ê¹� rf�
Ñ$]L�îè �o`� o� ¤ i �y]L��� ¢A���  ùô� ���{1 �ý�� Ñ�¥o5ó� ¡ðÞ��� �Ò� '" Ñ$ ¤�W�� }æ$ �ò��� o�1
¤ n[M¼n��� ÍMü�û¬ �{�� ¤ Ñ���È¹� ¤ Ñ�æWR�� �ê Ñ$ ¤�W�� Ñ�æ{�� ¡�o+Z`�  ùô� '" *"M�� �æ"o�
¤ i Ñ$ �0�� ���W�� Ñ`��¿¤ �ú�$ }æ$ �ò��� ¡ðÞ� '" n>æ`� ¢�� }nA �H �T� �� ¤ z æÒ�ò� ¤ �×ùô���

z Ññ¯�þf�� �æþ�Æ¾� '" ¿�o��� Ú� ¤ ÑM	���� 2!æ�5ó� '" �ò]þf�� }ùô0Z`� '" æÔ�P�+ }æ	���� 'þ�t o�

��ÕwªV £�Ü×�� �×»Z�m�� è�

ÑT�M i ÑM¬ ¡� �o"æ� Å¯�H� }��` i }æW]�`� ¦� ¢¤� '" i Ñ$�æ»·� ¡æk°Æ¾� �H ¢� ¡�M�� õMã×Î� ¢��$
ÑM	���� �æMÜ�oT�� '" �½TM� �ý�� Ñ�M�5ó� £nÒ z �DWRPV� ���0�� '" �ì�ÿ1 i Ñ$ �æ� ¡� *"!æ` ¡�
��æ	<è Ñ$ �0�� Ñ$ AzW�æ� z �òþ�Z�� ¤ 
½T�� '" ¢¤A��� ��]Lü �oM�¤ æÜÊþf� ¤ i Ñ�oR�� FòðÛ �é1 S&

�



i �ùôM»·� �T� U"æ4ó� ¢A��� 
ü� æÒ�¤n� oZ�t ®�� i oÔ��� Ñ�go� �DWRPLF VWUXFWXUH RI PDWWHU�

z �ùôM	<è ]Lü õ`æZ�� ¢A��� '" Ñ$�¿¤ Ã¾� ��æ� ÑM	�� Ñ$ Az. �ùZ�1 S& æÜ¡� �ò�

?×� ���� ?×� ¯èÅ�� �W×M6 ��

��K�" �ê Ñ�`ùô���  �æ×³ �o� i S7o��� �ú$$÷Â¾� oÔ��� �ê �éßÈ ��æ	<è Ñ$ �0�� Ñ$ AzW�� ¢� ¤oø¥
æÔ�{�. ¤ }�°�Æ¾� &�1 n�é. SG i ��òþM }�°�� 
ü� Í�{�. ¤ æ$�æ" æ%k° n�é. � �?ÁZîè ��æ»·� ÑM�+æ�
{ ¿¤Æ¾� 
ü� ÑM�%��� £nÒ �=". ¢� æWWþ�g �Ò �b�Ò æWÒ  �~k�� z ÚM��¤� ��ùÒ ¤ i AþM� }�°�� 
ü� æÒ�¤¿¤
õ{� rf�  �R5ó� ¢� ¥Ù° ¢�H i æ�¥o� ¤ æ�go� Ñ�`ùô��� AÞA� �Ò ¤ i ùô]" �$ULVWRWOH� ��{`���
�'HPRFULWXV� �U{$ A���g�� ¤ �/HXFLSSXV� ���T�`��� æ"� i æP+�� æ�d�� ¢�þ$ AþMé� AþM�
¢�þþ² �ý�� ��ò�Æ¾� ÑM`æ`Æ¾� �æWTîè� 
ü� �R. �o�bæ%Z¬ y��Z�` õM{�Z�� ÑM��c ¢� ¢�o�Z�$ æ.�H o��

z �DWRPV� ���0�� ¹>� æÜÀ�� ����x� ¤ �ùô1Â¾� ¤� �?ÁZîè *"+æ� �ò� æÒ¤�ùZü� �ý�� i ��æ»·� æÜÊ"
�� �ü��¬ *"MxbÑM�k�� Ñ$ Az. �A×k ��æ	<è ¦�0�� �Mì�ÿ�� �="� ��w bi �½�" b?�A×³ �M�� �æM÷ �ê

S& ��0�� ��°¤ 'ü 
ü¤Æ¾� ÑM�iAÁZ�� ��]A~»·� z �y]L��� ¢A��� �ÜÍk" �ê Ã¾� æMjH o%Z�1 S& �Ô� i æ.A�
¢�H ¤ i �ùôM	<è ]Lü õ`æZ�� ¢A��� �ê �PRGHUQ FKHPLVWU\� Ñ�¥o5ó� }æM%Mþf�� Ñ$�¿¤ õ" Ã¾� AÔz1
�ùô�æ�Z�� °¢Ó³ �ý�� Ñ{Mk��� �o.����� ¢�b���� ¡æ� �Ù·� '"  ¤� �'DOWRQ� �¢�Z���� ¦�ò�×°Â¾� S&æ���
¤ i �/DYRLVLHU� �Íñ¥����Ã¾� ¢�.æ� ¤� *"S+�� �æ�Ó°� ¢�.æ�ì i �FKHPLFDO UHDFWLRQV� Ññ¢æM%Mþf��
�Mì�ÿ�� Ñ$ Az. æW�W�v ��� æ{MÜÅ æ%Ô� æÔ%Ô� 'þ�g i �3URXVW� ��`¤Ù·� ¢�.æ� ¤� Ñþ¬æ]�� �k��� ¢�.æ�
}¦°� �H ¢� ¤ i �PROHFXOHV� �æfî¥?9ó� '" ¢�þþ² Ñ$�æ»·� ¡æk°Æ¾� ¢� ��ÿ�� ¤ i ��æ	<è ¦�0��
�� ¤ Ã¾� i æÜ¤}?×³ ¤� æÔ�ùô1� 'þ�g Ã¾ �ý�� Ñû¥æTZ»·� ÑM`æ`Æ¾� ���0�� '" �¤oÓk �o� rf� ¦�ZÓ¦
ùô]" z y�ZÒk "�� &"]�g ¤ Ñ��ZÒk *"S++ æÜÊ" �H �ò&�á �ý�� �FKHPLFDO HOHPHQWV� Ññ¢æM%Mþf�� ]VæW���

zzz �o0Mkìüôè 2 ¤ ¢�+ ="fîè & ¤ �o�¤�oMÔîè "�Ù° +

?×»�¡4,� �Õ�»Ù§a� �ÕÜZ� ��

¤ ���T�`��� &"T� '" ¤ �¢�Z���� o�Z�$ ¢�H ÚÌ¬ �?ÁZ�� ¤� �ùô1øôè *"+æ� �ò� ùô�� ��0�� �Ò
�nÒ 'ü ���9ó� { ��æ»·� �Mì�ÿ� ÑM`æ`Æ¾� ÑWTîè� ����æ+ �� �Ò i ¥²�� ��æT�+ { �U{$ A���g��
¢A��� Ñ$�¿¤ ¤ ]Lü õ`æZ�� ¢A��� Ñ$æÜ¡ æÜ¤oÞA ÑMÒ¦�æZ�� ��æ0Z�� '" *"k�` Í+ �}æ� �Ô»·�  �~k��

z AþM� }�°�� '" �ì�ÿ1 æÜ¡� ¤ ÑM���� ÑM�p ��0Bè ¢� �Z�y� �ý�� ¤ i �y]L���

�



Af�� rf� uf�ÜË �æf.¤�ÿþf�� ufTÔ»·� �ofR$ � �Ufì¤®�� ��fø¯� �� |×lÑ

z æJfMP" �fTRM� ��fø¯Æ¾�

�¡¯×ÈlÔ�0,� �ÕÜZ� �

i ��æ»·� ÑM�T� Ç¥o5ó� ¥�Z½	<è 
ü¤Æ¾� Ñ�ùô%��� ���{4ó� '" o�$ �HOHFWURQ� ¢¤�ÿþf�Â¾� �æn�ì�
¦0�� �&URRNHV WXEH� �Uì¤®�� ��ø¯� ¤� �³æ+AÔ�f�� ð$ A�Z�� ��ø¯é+ æ�ñµ¤ æxæø²�� uø²$� �Ò ¤
�ùô�Â¾� °¢Ók �×æ�� ��ø¯� �ê �]&�á �Ò ¤ i ���� ¡æ� ¹>Â¾� U�. ��ìÏ �Àæ{$ Ù· S&æ� Í%��
�HOHFWURGHV� ¢æñ¯o�" ¢æñ¢æ+AÔý ¢æ$]I" ÍM�A{+ o��$ ¤ i F�¼W" uþK �Ó³ �æ� rf� ¦�ZÓ¦
uþP�� F�« ¤ i ��ø¯Æ¾� �êAx �o+ �≈ 15000 o� õ�1$� ¢��O �A� 2MT{1 oWü z �� �fþn���
¦�� æ×µ�Z" �æþ�� �TR$ 0.1 �iK �ü��¬ uþP�� ð�ø¥ �o� � �ü��Z�� rf� ¢æ1AÒæw �oÓ³ i æM×¦�¿ª
���1 �ê �]&�î Ññ¯æ4 �AÒæw æÔ�Ók �Ó³ ¤ æMjH �AÒæz�� £nÒ �ûZÒ³ 0.01 �iK �ü��¬ ð�ø¥ æ"oWü ¤ i ���òW"
Ññ¢$� �ò� Ñ�c� ÍT�` Ñcæn�� ���1 ¢� }æ	���� ���� æ" ¢æ�]> z �FDWKRGH� uTÔ	<è *"+æ�»·� Ñcæn��
¡æ� z �FDWKRGH UD\V� Ñ$��4�x�� Ñ�cÆ¾� ¹>� æÜÀ�� ^Xx� i ��ø¯Æ¾� A�� rf� u�ÜË uTÔ»·� æÒ�oR$

ÑWÓ� ��ìÜ �æ%Mk° '" y�éþ² Ñ$��4�x�� Ñ�cÆ¾� ¢� �3HUULQ� �¢��ò+� nG3A��� S&æ��� ��y� ����

���� ¡æ� ¤ z �×�æ� nI�xæWþ" ��¬ 
ü� �A�1 æ"oWü �A^K% æÜ¡� t¬Ã¾ 
M¬ i ÑT�æ` Ññ¢æ+AÔý
��°�»·� �æþ�� Ñ�MTx rf� y��þ² Ã¾ �AÒæz�� £nÒ ¢� �7KRPVRQ� �¢�k"�x� ¦�ò�×°Â¾� S&æ��� AÔw�
�æ%Mk9ó� £nÒ ¢� �ú�$ æ�� i �o$]I»·� �y�þ1 �ê ��¿� ¦0�� ¢o�»·� Ñ�MTx rf� Ã¾ ¤ ��ø¯Æ¾� ����
�æM�+ �¢�k"�x� ¡æ� ¤ i ��0Bè ÑM`æ`Æ¾� �æ.�þ�·� ¥o�� �� �æ.¤�ÿþf�Â¾� ¹>� æÜÀ�� ^Xx� �ý��

z �æ%Mk9ó� £nÒ Ñ�]> üè�ç ¤ i ÍZ�¦~ 
ü� ¢¤�ÿþf�Â¾� ÑWÓ� ÑTÜÈ

�



ÑfW½n�� �æfM�+ �f½�� �ý�� �AfMÞL�� �¢æfþM�M"� Ñf+A×³ �� |×lÑ

z ¢¤AfZþf�øôè Ñfñ¢æ+AÔ�f��

Ñ+A×³ �P�+ ¢¤�ÿþf�Â¾� ÑWÓ� �æM� '" �0LOOLNDQ� �¢�xM�M"� Ø¼$$�Æ¾� S&æ��� 'þ�t ���� ¡æ�
�ú�� y]þ" �ý½M�M �o+ æÞA� ZK$ Å¥È¹� '" Ñ.�½n" ���ò{� �ç²� Ñ`��� �ê ��]�t ÑMÒ¦�æ1
*�æ� �ê }��FB� �ê Ñ��æ� Å¥È¹� ���ò{� ��° æWWþ�g i �`æW" ¢��O �A� 2MT{þ¬ z �� �fþn���

� Ñ��{»·� æÜÍ%M� ¦¤æÜË �ý�� ¢¤�ÿþf�Â¾� ÑWÓ� �ZW�ÜÈ SG '" ¤ i ¡æ1 ¢���1

2 = 1.602× 10−19 *

Ññ¢æ+AÔ�f�� ÑW½n�� ¢� �¢�xM�M"� æP$� yn�ì� z �ùôxÂ¾� rf� Ññ¢æ+AÔ�f�� ÑW½nîè Ñ%M� AþM� �� £nÒ
z H �o�îè æ,MÓÑ æ�üæP" æ�d�� ¢�þ1

� ¦¤æÜË �Ô� i ¢¤�ÿþf�Â¾� *"¦~ �æZW�`� �o� �ÞI�� '" �TM� i ¢¤�ÿþf�Â¾� ÑWÓ� �æM� o�+

m2 = 9.109× 10−31 F;

���� �ü��¬ ùô]" �Ô� i ��0�� ¢�¤ õ" Ñ.�æ�»·æ+ �o� ��òþM Ñ%M��� £nÒ ¢� 
ü� æWÒ ��æcÂ¾� �o×³
z æ.�¤ ÑM�MT{�� ]VæW��� y«� �ùZ�$ ¦0�� �K\GURJHQ� �o�¤�oMFB� *"¦~ '" ��� �$�

�



z Ñf$ ¤�W�� �æfüæ�fcÂ¾� rf� nIfMxæWþ»·� �f�5ó� Afñµé1 �� |×lÑ

?×� ¡ùÅ�� �ÕjTqÑ1,� �ÕÜZ� �

'" �UDGLRDFWLYLW\� �ùæ�cÂ¾� �æn��� �%HFTXHUHO� � �="+� nG3A��� S&æ��� yn�ì� ���� ¡æ�
ÍTßË Ñ�c� Ññ¢æ��1 ���R+ �oR1 ¡�ñ¯���M�� �ùô"� ¢� t¬Ã¾ 
M¬ i *"M�]�� ]VæW��� rf� Í+�æ×³  ùô�
£nÒ Å¯�H z ÑW` �T� �5RHQWJHQ� �'bN"¤�� æÔ�n�ì� o� ¢�H �ý�� �;�UD\V� ÑMW�k�� Ñ�cÆ¾�
¤ i æWM�g �A^K% Å¯�H �ý�� Ñ�cÆ¾� �æWÔ� i nI�xæWþ" ��5ó æÞTA�1 oWü Ñ��ZÒk �A{+ ÙÀéþ² Ñ�cÆ¾�
Ã¾ �A^K% S& ¤ nI�xæWþ»·� ��5óæ+ ÙÀéþ² S& �ý�� Ñ�cÆ¾� �æWÒ ¤ i ��æÜ¾ �A^K% Å¯�H �ý�� Ñ�cÆ¾� �æWÒ
i �JDPPD� æ"æ� ¤ �EHWD� æZ�p ¤ �DOSKD� æ��� Ñ�cÆ¾� £nÒ �M�� z �� �fþn��� ��æÜ¾ Ã¾ ¤ æWM�g
¡�M�FB� ¥�. õ����� �ê �Ò α �æ�cÂ¾� ¢� o�+ æ%M� �P1� z γ ¤ β ¤ α Ññ¯æ.�M�� �¤A5óæ+ ��æ� æFB "�Ù° ¤
�SKRWRQV� �æ.�1�� γ �æ�cÂ¾� ¢� ¤ i �HOHFWURQV� �æ.¤�ÿþf�� β �æ�cÂ¾� ¢� ¤ i �KHOLXP�

æÜ¡Æ¾ Ñ�¥o5ó� }æ$ �ò��� ü}�æ1 �ê �æ{âàÜ� �Ò� '" Ñ$ ¤�W�� �æ�æ�cÂ¾� �æn�ì� o�$ z Ñ�æ{�� ÑM�æ�
z n>æ`Æ¾� æÜÇMìÙ½ �æn�ì� ¤ ��æ»·� ���÷� �ùÜÅ �½��

?×� ���� ��ù×Å�� �ÕÜZ� �

� �o��~` �Ax 
ü� ¥�� ��0Bè ÑM`æ`Æ¾� �æ ~A»·� ¥o��H ¢¤�ÿþf�Â¾� �æn�ì�

{ ��0Bè ÑM�TZ»·� *"S+�� o��1 �yé� i ��0�� *"¦~ ¡æ"� *"%Ü< �æ.¤�ÿþf�Â¾� *"¦~ �"�� æ" z�

ÑT°�»·� Ññ¢æ+AÔ�f�� ÑW½n�� o��1 �yé� i ÑT�æ` �æ.¤�ÿþf�Â¾� ¤ æñ¢æ+AÔý *��æ�Z" ��0�� �"�� æ" ¤ z�
{ ��0Bè

�



æÜÊþf� i ��AÓ°� ¢¤� ÑMTÒ0�� Ñ�$ ���� ��ÿüÒ³ α �æf%Mk9ó� ÑMT��� �� |×lÑ

'ü �oßÅ �A½WZ� �Ò0Bè Ñ$ �0�� ¥�W�æ+ ¡o{R1 ���æW�� �Ã¾æ5ó� F�+ �ê
z ��������¤�� Ñ+A×³� }����� 
ü� æ"æ�t ¿ªÙ½ o� ¤ xfMÆ¾� æÒ�æk"

�o� ���� ¡æ� Ã¾� ¹IÓ¦ S& $�Æ¾� 'þf� i Ñ��ZÒk �æ$ Az. }æ	���� ��ÿ�� i �o��~k�� �y�æÒ 'ü Ñ+æ�øôè
i �0DUVGHQ� �¢o`�æ"� ¤ �*HLJHU� �AÁM°� ÍMT�æx õ" i �5XWKHUIRUG� �������¤�� yn�ì�
Ñ"?Ó ÑMTÒ� Ñ�$ �¤ �n� �ê ��]�t ��òÞA Ñ+A×³ �P�+ üè� ¤ i �DWRPLF QXFOHXV� Ñ$ �0�� ���W��
¢� Ñ+AÁZ�� £nÒ �ê t¬ùô$ z �� �fþn��� æÜ¤��æk" ÑT��$� ¤ � õn" �oR" æÜÐ�ø¥ � α �æ%Mk° '"
�A^K� æÜÊ" �M�K �o� 'þf� i ��AÓ°� ¢¤� '" ÑMTÒ0�� Ñ�$ ���� ��ÿüÒ³ α �æ%Mk9ó Ñ�¬æk�� ÑMT��Æ¾�
�������¤�� �æc� z }����� 
ü� æ"æ�t α Z>k9ó� ¿ªÙ° ¢æM¬Æ¾� F�+ �ê ¤ i xfMÆ¾� £�æk" 'ü �oßÅ
'þ�g Ã¾ i ��0�� ���� �on�� Ñþ�æ+ �¾¤æ. ��� ��°¤ rf�  ¿� }����� 
ü� α �æ%Mk° ��¿ª�� ¢� 
ü�
�üæZ�æ+ ¤ i �$� ���� �ü��Ó α �æ%Mk9ó� '" æ.�¤ y«� ¤ ÑT�æ` æÜ¡Æ¾ �æ.¤�ÿþf�Â¾� æÔÁZ�v ¢�
���� AþR�� ��æWZ" ¢�x" �ê ��0Bè ÑT°�»·� ÑW½n�� ¬�A�t �Ò oM¬��� �òk�Z�� z æ"æ�t �%Ü< æÒÙÀ� ¢å�
¥�. '" Ñ$ �� ���. ¤ α Z>k° �o+ æM`�� ¡�æRZ�� ¢�þ$ æ"oWü z Ñ$ �0�� ���W�� �� £nÒ ¤ i ��0��
t¬�� z �oZT°�»·� �oZW½n�� �o+ ÑM"���þf�� A�æWZ�� ��� ��ÜÅ ��òTì ��AÓ°Â¾� ¢�þ$ i ÑMTÒ0�� Ñ�$ ����
i ����� �H '" � �ü��¬ ÑTk�p �� }����� 
ü� ¿ªÙ½ �ý�� α �æ%Mk9ó� ¢� Ñ+AÁZ�� £nÒ  ùô� æP$�
¦�0�� A{��� '" AþM� ���W�� A{� ¢� �������¤�� �ZW�`� i 10−10 K Ñø²� '" ¦�0�� A{��� ¢� æ�n ¤

z 10−14 K Ñø²� '" Í.� ¦� i �$� ����� �ü��Ó

�



'fþ�g �æf.�1¤Ù· �æf.¤Ù½�W�� �fZ�v i 'fM���ù�� ��æf»· æÔf���ÿ�� ofWü �� |×lÑ

z ��Úf$ ¤�æc� Ñf+A×³� Ñf��ÞG0 æÔf�nì

�¡¯×�ùÅ�� ¡ �ù×�¡�g�� �ÕÜZ� �

�æ�æ�cÂ¾� y�ZñðÛ æÔ�n�  ùô� '" ÑM���1�� æÜÍM�p Ñ`��¿¤ }æ	���� ZKÒ� i Ñ$ �0�� ���W�� �æn�ì� o�+
æ"oWü i �QLWURJHQ� �o�¤�ÿMW�� ][Wü ¢� �������¤�� yn�ì� ���� ¡æ� z ��¾§~ �A��Z»·� Ñ$ ¤�W��
¿�o� Z>k° ����� U�. �ê 
�T�i ¤ i �R[\JHQ� �o0kì� 
ü� æ.æM¬�  �^N� i α �æ%Mk× �n�$

� �SURWRQ� ¢�1¤�ù�� �Ò i α Z>k9ó� '"bæ.�¤ y«�
α + L → P + T

æP$� �ðÞRÓ³ ¤ �IOXRULQH� �ðÞ��� ¤ �ERURQ� ¢¤��T��H ¥²�� ]VæWü õ"bÑ+AÁZ�� £nÒ }æ	���� �®�
æ"� i ¢¤�ÿþf�Â¾� ÑW½n� Ñ��{»·� Ñ%M��� ¦¤æÜË ÑT°�" Ññ¢æ+AÔý ÑWÓ� ¢�1¤�ù�� ��ìÏ z �æ.�1¤Ù· rf�

� �$� ���� �ü��Ó ¢¤�ÿþf�Â¾� *"¦~ '" �ùì� �Ô� ÍZ�¦~
mT = 1.672622× 10−27 F;

�EHU\OOLXP� ¡�M�$ �ù�� ��æ" �n�+ �&KDGZLFN� �Ú$ ¤�æßË� �Àæ{$ �ù�� S&æ��� ¡æ� ���� ¡æ�
U�. ��ìÜ �ý�� �QHXWURQV� �æ.¤Ù½�W�� �� i �¿�o� �æ%Mk° �æ�ø¯� t¬ùô� α �æ%Mk×
¢å� �üæZ�æ+ ¤ i Ññ¢æ+AÔý ÑWÓ� ¢¤Ù½�W�� ��ìÏ Ã¾ i ¢�1¤�ù�� Uþ� rf� z æø¥A�1 ¢�1¤�ù�� ¢�¤
Í�nì 'þ�gbæ.�1¤Ù· æ.æM¬� �Z�i �b��æ	<è Í���ÿ�� oWüb� Í.� �ò� i �o� ��M �]AæT" Ñ�$ A{+ Í�nì

ü� ¥�� Í.Æ¾ i Ñ$ ¤�W�� }æ$ �ò��� ü}�æ1 �ê æ��æ� Ã¾�Ó³ o�$ ¢¤Ù½�W�� �æn�ì� z �� �fþn��� *��ÞG0
�QXFOHDU HQHUJ\� Ñ$ ¤�W�� Ñ�æ{�� �üæZ�æ+ ¤ i �VWURQJ QXFOHDU IRUFH� Ñ$ ¤�W�� ����� �æn�ì�
o�+ ���W` ]Lü �ü��¬ �ü�ÿ�� �ý�� Ñ$ ¤�W�� *"TW��� üè� �ê æ�n i ��o�Z" �Ã¾æ×k �ê �"o+Z`� �ý��

z ¢¤Ù½�W�� �æn�ì�

�



��Ü×\V x×�Ý£a� ��ù×ýëÐ� ��

æ����q }æ	���� y�� i ¢¤Ù½�W�� ¤ ¢�1¤�ù�� ¤ ¢¤�ÿþf�Â¾� i �ùô]�� ÑM`æ`Æ¾� �æ%Mk9ó� �æn�ì� o�+
� ÑM�æZ�� �æ�W�� �ê H¼�þ¥ ¤ i �5XWKHUIRUG PRGHO� �������¤�� ���&�è �A�$ i ��0Bè æ�¥o�

A{�+ Ñ.�æ�" �o� ��òTì �æ�æk" rf� æFB�¬ �¤¿ª �æ.¤�ÿþf�� ¤ Ñ$ ¬�$� ���. '" ��0�� �ì�ÿ1 õ

bz ���W��

"�Ù° ¤ �DWRPLF QXPEHU� ¦�0�� ��Ê¹� 
ù¿� ib�æ.�1¤�ù�� '" ��o� Ñ$ �0�� ���W�� �%ßË õ

æ�" �æ.¤Ù½�W�� ¤ �æ.�1¤�ù�� z N �A5óæ+ &� "�Ù° �æ.¤Ù½�W�� '" ��o� ¤ i Z �A5óæ+ &�

&� "�Ù° ¤ �PDVV QXPEHU� xfS+�� ��Ê¹� �%Ü¾ �æ$ �W�� �o� z �QXFOHRQV� �æ$ �W�� �]�t
� æû¥1� z A �A5óæ+

A = Z +N ���

i æñ¢æ+AÔý ��0��  �æ�1 '%P$ æ�� i �Z� �æ.�1¤�ù�� �o�� æ$ ¤æk" æ�d�� ¢�þ$ �æ.¤�ÿìÂ¾� �o� õ

z ��0Bè Ññ¢æM%Mþf�� H!æR4ó� �oÓ¦ ¦0�� �Ò Z ¦�0�� ��Ê¹� ¢å� �üæZ�æ+ ¤

¤ ¹>åÎ ][Wü �H �ò&�á ¤ i �FKHPLFDO HOHPHQW� æñ¢æM%Mì �][Wü Z ¦�0�� ��Aîè Ñ%M� �H �]�t
¢�� �Ò ][W��� z �)H� ¿�o5ó� �]�g Z = 26 ¤ �2� �o0kìÆ¾� �]�g Z = 8 i ùô]" z �o��ZÒk "��

z �æ.¤�ÿþf�Â¾� '" �o��� U�. ¤ �æ.�1¤�ù�� '" �o��� U�. rf� ¦�ZÓ³ �ý�� ���0�� ���NH
¦�ZÓ³ �ý�� ���0�� ���NH �Ò ¢�� oMjxW�æ� z �QXFOLGH� �oMjx. N ¤ Z �y�o��� '" �¤� �H �]�g
� �üæZ�� �xn�� rf� oMjxW�� �Zþ$ æM��c z �æ.¤Ù½�W�� '" �o��� U�. ¤ �æ.�1¤�ù�� '" �o��� U�. rf�

A

Z
sN

� ùô]" z �¤�o»·� ][W��� 
ü� ; "�Ù° 
M¬

2
1>1 ; 4

2>22 ; 56
266230 ; 238

92l146 ...

���°�" ¦� i ÑM�MTx æÜÊ" 
ü¤Æ¾� ���� ¢��ÜË ¤ ¢æûµÂ¾� i æñ¢æM%Mìb�][Wü ��� Ñ�æk�� o5ó �A�.
�A�1 z �SURPHWKLXP� ¡�M¢M"¤�ù�� ¤ �WHFKQHWLXP� ¡�Mn�WþZ�� }æW]�`æ+ i ��Æ¾� �]L� �ê
�ò� �� ¤ i �WUDQVXUDQLDQV� ¡�ñ¯���M�� }��¤ æ" ]VæW��æ+ �� 'ü ¦�0�� æÔ�g� ¿�×° �ý�� ]VæW���
Ñ$ ¤�W�� �ùô�æ�Z�� 2$ Ax 'ü Ñ$ ¤�W�� }æ$ �ò��� Ù·æÒk �ê æMüæW{M� æÔ°æþ¯� ZK$ ¤ Ñ�MT{�� �ê ���°�"
���� �ü��¬ ¤ i �A�Zk" �oMjx. ��� æÜÊ" æM�MTx �oMjx. ��� o��$ ÚÌ¬ z �QXFOHDU UHDFWLRQV�

z æMüæW{M� �oMjx.

��



]VæW��� z �LVRWRSHV� Ùæz. �%ÜË A xfS+�� æÔ�g� �ê y�ZÒ³ ¤ Z ¦�0�� ��Ê¹� U�. æFB �ý�� ¥�W��
�2� �o0kìÆ¾� ¤ ÑM�MTx Ùæz. � &� ùô]" �+� �o�¤�oMFBæ� i Ùæz. �o� '" �}"� æÔjH Ññ¢æM%Mþf��

zzz �� &� �6Q� Ù°oR��� ¤ � &� �)H� ¿�o5ó� ¤ � &�

�æ$ ¤æk�" �%ÜËbZ ¦�0�� æÔ�g� �ê y�ZÒ³ ¤ �æ.¤Ù½�W�� '" N �o��� U�. rf� ¦�ZÓ³ �ý�� ¥�W��
� ùô]" z �LVRWRQHV� �æ.¤Ù½�W��

12
5"7 ; 13

6*7 ; 13
7L7 ...

z �LVREDUV� *"S+�� �æ$ ¤æk�" �%ÜË Z ¦�0�� æÔ�g� �ê y�ZÒ³ ¤ A xfS+�� ��Ê¹� U�. æFB �ý�� ¥�W��
� ùô]"

40
18�` ; 40

19E ; 40
20*� ...

�Õq�| ¡ ��Ý×�¡ è�

¦� i �IHPWRPHWUH� �ÿ"�Z%��� Ñø²� '" �Ô� i ][��� ÑMÒæWZ" Ñ$ �0�� ���W�� ¥�Zk" rf�  ��xÆ¾�
i �PHWUH� �ÿ»·� 'ü Ã¾¿¤ Ñ$ ¤�W�� }æ$ �ò��� �ê �æ�+üôè �o��ì Ñ%M��� £nÒ ��æ� ¡o+ZÜÈ üè0� i 10−15 K

� ¹>Â¾� U�. ��ìÏ ¦0�� �üæ{$Â¾� �³æ$ �ò�îè æ�g ="1 i IP £"�� i �IHUPL� �äA��� ¹>æ+ æP$� �A�1 ��

1 7K = 10−15 K

'" ��ì� ¡¤¿ª Ã¾ Ñ$ ¤�W�� AÒ��z�� F�+ ¢� ®�� i �o� �Mk� ¥o�n Ñ$ ¤�W�� }æ$ �ò�îè �ú"È¹� ¢�k�� �ò&�á
z 236

92 l oMjxW��  ùôÓ°�H i �oWk�� �o$ùô" ¥²�� �AþZÜË æ%W�p i ùô]" 5
2>2 oMjxW��  ùôÓ°�H i 10−20 b

z Ñ$ ¤�W�� }æ$ �ò��� �ê ÑMW"È¹� ��o���� �H �%�ZÜÈ i ��k�� �nFB
Ñ.�æ�»·æ+ �o� ��òTì ÍZ%M� i ��o�ðÞ� �»·æ��� ¡æzW�� �ê Ñ�æ{�� �æM� �o�¤ �Ò ¤ i �MRXOH�  �9ó�
'ü Ã¾¿¤b� Ñ$ ¤�W�� }æ$ �ò��� �ê ��æ� ¡o+ZÜÈ �nFB z �QXFOHDU HQHUJLHV� Ñ$ ¤�W�� �æ�æ{�� Z>� õ"
�� ¤ i 0H9 æÒ"�� i �PHJD�HOHFWURQ�YROW� u�� ¢¤�ÿþf��æþM»·� �� ¥²�� �o�¤ �b �9ó�

� �HOHFWURQ�YROW� u�� ¢¤�ÿþf�� ¢�M�" æÔ��� ÍM�� �òß¾ ÚÌ¬ ¦¤æÜË

1 J2o = 106 2o

� ¦¤æÜ¾ i H9 £"�� i u�� ¢¤�ÿþf�Â¾� ¢� ¢���� õ"

1 2o = 1.602× 10−19 C

��



¡æzW�� �ê *"S+�� �æM� �o�¤ õ" Ñ.�æ�" �o� ��òþM ¥²�Æ¾� �� �QXFOHDU PDVVHV� Ñ$ ¤�W�� �S+��
Ñ$ �0�� *"S+�� �o��+ �A�$ æ" ��æ� �%�ZÜÈ �nFB ¤ z �NLORJUDP� ¡�$÷ðÞF+�� ¦� i ��o�ðÞ� �»·æ���
*"¦~ '" �}°� �� '" �o��¤ �}°� æ�ùô{M� ¦¤æÜË �� ¤ i X æÒ"�� i �DWRPLF PDVV XQLW�

� æ�ùô{M� ¦¤æÜË 12
6* oMjxW�� *"¦~ ¢� �ú�$ �nÒ ¤ i 12

6* ¢�+ ="f�� oMjx.

m
(

12
6*

)

= 12 m

12 ; �ê ���°�»·� ���0Bè �üæ�vÂ¾� �o���H �$YRJDGUR� �¤��æ���~� �o� � | A�« $ ¥²�� ÑÔ° '"
� ¦¤æÜ¾ �Ò ¤ 12

6* oMjxW�� '"
N� = 6.02× 1023

�b¢� �ZW�ÜÈ ÍW" ¤

1 m =
1

12

M (126*)

N�

=
1

N�

= 1.6605× 10−24 ; = 931.5 J2o/+
2

� ÑM�æZ�� Ñ%Ô»·� Ñ�ùô��� 
ü� æ.���$ Ñ�æ{�� ¤ *"S+�� ~��xZ� �(LQVWHLQ� ��yæZn�i�� ¢�.æ�

1 m = 931.5 J2o/+
2 ���

� ¢� 
ü� æWÒ ��æcÂ¾� �o×³
mT ≈ mM ≈ 1 m

� Ñ$ �. A ��ìÜ ���. *"¦~  �æ�1 SG '" ¤

m ≈ A m

�X� Ñ$ �0�� �S+�� �o��+ æÜÊü �ù�»·� Ñ$ �0�� ���W�� *"¦~ ��×¦ Ñ�$ A{�� £nÜ� Ñ$ �0�� �S+�� �o�¤ �æMZ«�
� �J� ¡�Aþ�� �o��+ æÜÊü �ù�»·� �DWRPLF PRODU PDVV� Ñ$ �0�� ÑM��»·� *"S+îè Ñ$ ¤æk"

m (m) =
m (;)

u (;)
= N� ×m (;) = M (;)

£¡ù×Å�� ¯×éþ�� ç×À� è�

¢Æ¾ i 2M�� �ò� �QXFOHDU UDGLXV� ¦¤�W�� A{��� yR. y$ A�1 i ¦�0�� A{��� yR. ��$÷ rf�
�èF 'ü �="� u�� æWM{�$ Ñ$ �0�� ���W�� A{� yR. z }æP��� �ê ��¤oÓk ÑT�M �®� �k�� Ñ$ �0�� ���W��

z ¢æM¬Æ¾� ���� �ê �æ$ �W�� ÍM� ¬�A&�î ¦0�� ¢�x»·�

��



�n� �ê �]&�î �� ¤ i Ñ�$]I�� �æ.¤�ÿþf�Â¾� ��æ{Z`� ��æ×³ Ñ{`��+ ¦¤�W�� A{��� yR. �æM� SD
�æ.¤�ÿþf�Â¾� Ñ`��� ¤ 10 J2o ¤ 5 J2o �o+ æÜÍ�æx �¤��ÿ1 �ý�� �æ.¤�ÿþf�Â¾� '" Ñ"?Ó Ñ$ �� ¥�.
�n9ó� õ" �`æW�i R ¦¤�W�� A{��� yR. ¢� 
ü� �òßË ��æ0Z�� £nÒ �H z Ñ$ �0�� ¥�W�� æÞIþ�1 �ý��

� A xfS+�� �o�îè �÷M�þZ��

R = r0 A
1/3 ���

� ÍZ%M� æþ¬æ4 r0 �]�g 
M¬
r0 ≈ 1.2 7K

� Ñ$ �0�� ���Wîè V �t_�� �æk¬ æWWþ�g Ñ�+æk�� Ñ�ùô��� ¡�o+Z`æ+

V =
4

3
πR3 =

4

3
πr30A ≈ 10−45A (K3)

Å¯�H æ	px� i �æ$ �W�� �o� �]�g ¦0�� A xfS+�� �o��� õ" ��Ax �`æW�i Ñ$ �0�� ���W�� �èF ¢� æWÒ ¥Ùº
Ñ$ �W�� A{� yR. Ò¥A�Z�æ+ �]�g r0 ¢� Ñ�+æk�� Ñ�ùô��� '" æP$� �ZW�ÜÈ z �ùì� æÔ%èF ¢�H ��4� ���W��

z �¢¤Ù½�. ¤� ¢�1¤Ù·�
� Ñ$ ¤�W�� ÑM%t_�� *"S+�� �æk¬ æWWþ�g i ¥²�� ÑÔ° '"

ρ =
M

V
≈

1.66× 10−27A

10−45A
≈ 1018 (F;/K

3)

�x� ÑTk��æ+ æÞI�. �Ô� i A xfS+�� �o��� 'ü æ"æ�t *"�Zk" Ñ$ ¤�W�� ÑM%t_�� *"S+�� ¢� Ñ�+æk�� Ñ�ùô��� �oø²
}æ	<è ÑM%t_�� *"S+�� '" �$� 1015 �ü��Ó �ùì� �Ô� i �o� Ñ%ÒÏ æÜÍ%M� ¢� æP$� �oø² ¤ i Ñ$ �0�� ¥�W��

z Ñ$ ¤�W�� ��æ»·� ��Ù½ ¥o" 'ü �="� æWM{�$ �nÒ ¤ i �103 F;/K
3�

?×� ���� ��ù×Å�� ?×��ì è�

�nFB ¡o+Z`� �æÔ°  ¤� ¢�H ¤ i Ñ$ ¤�W�� }æ$ �ò��� ��{1 ���$� �Ò� '" Ñ$ �0�� �S+�� �æM� o�$
�$VWRQ� �¢�Z`�� �Àæ{$ �ù�� S&æ��� Í��ÿ�� ¦0�� �PDVV VSHFWURJUDSK� *"S+�� �æM{" b�Aþ��
Ññ¢æ+AÔý �Ã¾æ×k ¡�o+Z`æ+ F�+ 'ü æÞY�+ ÙæzW�� �R�+ �%Ü¾ 2M�� �æÔ° �Ò ¤ i ���� ¡æ�
�]J« 6 �y� �æ.�$üôè õTW" � ��o�¤ �ùô4 '" *"S+�� �æM{" ¢�þþ¥ z �� �fþn��� ÑMk�xæWþ" ¤
2$ Ax 'ü æÔ�¦~ �kÓ �æ.�$Æ¾� �A�« 1 
M¬ �M�Ó³ �o�¤ ¤ i Ñ.�½n" �æî¥°� oM��Z� ÑWM��� �æ ~$�

z Ñ{�Z�»·� �æ.�$Æ¾� �A�¤ �kÓ³ ¤ �æ�1 �y� �ænþ" ¤ i ÑMk�xæWþ" ¤ Ññ¢æ+AÔý  ��¬ 2MT{1

��





£¡ù×Å�� ã×�8'� ?×ñTæ è�

ç×� ¯q� ��

� æÜÊ" y�éþ² �ý�� �æ$ �W�� �¦~ õ�v �Mæ� '" �M��+ ��� æ�d�� ¢�þ1 A

Z
s oMjx. ¦Æ¾ m(A,Z) *"S+��

m(A,Z) < ZmT + (A− Z)mM

'" ¢�þþ¥ ¦0�� 4
2>2 oMjxWîè ÑTk��æ+ i ùô]" z ¢¤Ù½�W�� *"¦~ mM ¤ ¢�1¤�ù�� *"¦~ mT �]�t 
M¬

� æû¥1� i �o.¤Ù½�. ¤ �o.�1¤Ù·

∆m = 2mT + 2mM −m(4, 2) = 0.03040 m

� æÜ¤æ$ �. �AÓ³ ¤ Zx�þ² 4
2>2 ���W�� ¢� ¢Ç¾� ��ÿ�.

4
2>2 −→ 2T + 2M

ÑM��c i �(LQVWHLQ� ��yæZn�i�� Ñ�ùô� rf� �}æû¬ z ∆m ¦¤æÜ¾ ��o��n ���×½ *"ã×Î� *"¦~ ¢� æWÒ t¬ùô.
� æÒ�o� Ñ�æ{�� '" ÑM�O *"ã×Î� £nFB æW"o� ��� Ã¾� ZK1 ¢� æÜÊþ�gÃ¾ Zx�Z��

∆mc2 = [2mT + 2mM −m(4, 2)]c2 = 28.32 J2o

�bnIþ��� ��æ�Z�� ¢Ç¾� ��ÿ�.
2T + 2M −→

4
2>2

'" ÑM�=�� U�. �AÓ³ *"ã×Î� £nÒ ¢� �ú�$ �nÒ ¤ i ∆m ��o�»·� U�û¬ H�û² *"S+�� ¢� æWÒ t¬ùô.
z 28.32 J2o æÒ�o� �ý�� ¤ Ñ�æ{��

æÜ¤æ.�þ" 
ü� ���W�� ÚMþ�Z� Ñ"�Ã¾� Ñ�æ{�� �� �QXFOHDU ELQGLQJ HQHUJ\� ¦¤�W�� u+Ê¹� Ñ�æx
� æÜ¤æ$ �. '" æ�ùô{.� ���W�� �F+ßË oWü ��AâàÜ� Ñ�æ{�� �� ¤� i �æ$ �W�� '" *"R�W»·�

B(A,Z) = [ZmT + (A− Z)mM −m(A,Z)]c2 ���

� 4
2>2 oMjxWîè ÑTk��æ+ i ùô]"

B(4, 2) = 28.32 J2o

� �PDVV H[FHVV� *"S+�� ��æ$ ×· �A�$ æ" æ.æM¬� ¡o+ZÜÈ ¦¤�W�� u+Ê¹� Ñ�æx �æk5ó

∆(A,Z) = m(A,Z)− A (m) ���

��



� ¦¤�W�� u+Ê¹� Ñ�æ{� Ññ¯æ4 ÑþMM rf� �RÓ° | SªG '" ¤

B(A,Z) = [Z∆T + (A− Z)∆M −∆(A,Z)]c2 ���

� 
M¬






∆T = mT − 1 = 6.778 J2o/+
2

∆M = mM − 1 = 8.071 J2o/+
2

?×� ù� |×lÔ� £¡ù×Å�� ã×�8'� ?×ñTæ ��

�]�t �� ¤ i �B/A� Ñ$ �. �x� ¦¤�W�� u+Ê¹� Ñ�æx  ùô� '" Ñ$ �0�� ¥�W�� ��A�Z`� ¥o" Ù°o�1 'þ�g
Å¯�H æ	pH i �ùì� ��o�»·� �nÒ ¢�H æ	px� z ���W�� '" �o��¤ Ñ$ �. �ùôZ�Ã¾ Ñ"�ùôè� Ñ{`�Z»·� Ñ%M���
z A xfS+�� �o��� *�Ã¾¿¤ B/A Ñ$ �. �x� ¦¤�W�� u+Ê¹� Ñ�æx ��{1 � �xn�� æWM{�$ z �x`æ�t oc� ���W��

� ÑM�æZ�� �æ�W�� ¢æMT�� �nÒ '" �ZW�ÜÈ

���R+ A xfS+�� �o��� õ" B/A Ñ$ �. �x� ¦¤�W�� u+Ê¹� Ñ�æx ���×½ i A ≤ 20 ��� '" õ

z 8 J2o �ü��¬ 
ü� 1 J2o �ü��¬ '" Ñ�{�Z"

¤ i A xfS+�� �o��� õ" ��ò]ì B/A Ñ$ �. �x� ¦¤�W�� u+Ê¹� Ñ�æx �òþþ² Ã¾ i A ≥ 20 ��� '" õ

z 8 J2o  ææàÜ� �nÒ �ê æø¥A�1 ¦¤æÜË

¿�o5óæ� i ¿�o5ó� �]�g �Ò ¤ i A = 60 ��� '" æÜ¤¤�� B/A Ñ$ �. �x� ¦¤�W�� u+Ê¹� Ñ�æx ð�ø² õ

z ���A�Z`� ¥�W�� oc� �Ò ¢��

2ø² S& ¤ ��TßË o� Ñ$ ¤�W�� ����� ¢� rf�  ¿� A = 60 �ü��¬ '" æ�ùô{.� Ñ%M�îè �ð{T�� �òþZ��b õ

bz Ñ$ ���� Ñ$ ¤�W�� ����� ¥o" ][� rf� �M�� �nÒ ¤ i ÑMk�xæWþ"¤AÔ�f�� ����� Ã¾� �%�1

�A�$ æ" �Ò ¤ i æÜÊ�p æ%M� �æÓ³Â¾� 
ü� ��ü1 Ñ�M�4ó� ¥�W�� ¢� i ¢æMT�� �nÒ '" æP$� �ZW�ÜÈ õ

æ%W�p i ���A�Z`� oc� 'þf� ��4� ¥�. �F+n�� üè� ¤ i �QXFOHDU IXVLRQ� ¦¤�W�� �æÞ[.Â¾æ+
¤ i �QXFOHDU ILVVLRQ� ¦¤�W�� �æ{ßÈÂ¾æ+ �A�$ æ" �Ò ¤ i �æ{ßÈÂ¾� 
ü� *"M�]�� ¥�W�� ��ü1

z ���A�Z`� ��ì� 'þf� æ.�¤ y«� ¥�. �y�þZ� üè�

��



z xffZþf�� �of��� Ñf�Ã¾¿¤ Ñf$ �. �fþf� ¦¤�fW�� uf+Ê¹� Ñf�æx �� |×lÑ

�¡¯×�ùÅ�� ¡ �ù×�¡�g�� |×Àò ?×ñTæ ��

¢�1¤�ù�� �R� Ñ�æx æ�� i Ñ$ ¤�W�� }æ$ �ò���  ¤�o� '�� æ��o×° æ" æT�æ� ¢æñ¢æ$ �ò� ¢���o�" æP$� �æWÒ
� æ" ���. '" ¢�1¤Ù· �ùôZ�Ã¾ Ñ"�ùôè� Ñ{`�Z»·� Ñ�æ{�� �� ¤ i �SURWRQ VHSDUDWLRQ HQHUJ\�

ST(
A

Z
s) = B(A

Z
s)− B(A−1

Z−1u) ���

�ùôZ�Ã¾ Ñ"�ùôè� Ñ{`�Z»·� Ñ�æ{�� �� ¤ i �QHXWURQ VHSDUDWLRQ HQHUJ\� ¢¤Ù½�W�� �R� Ñ�æx ¤
� æ" ���. '" ¢¤Ù½�.

SM(
A

Z
s) = B(A

Z
s)− B(A−1

Z
s) ���

�üæZ�� ���  ¤o9ó� æWM{�$ zb���0�� �yé1 Ñ�æx oM�+ o� 
ü� ÍTßË ¢¤Ù½�W�� ¤� ¢�1¤�ù�� �R� Ñ�æx
z ��oMjxW�� F�T� ¢�1¤�ù�� �R� Ñ�æx ¤ ¢¤Ù½�W�� �R� Ñ�æx ¤ *"S+�� ��æ$ � 'ü *"]"�

∆ (J2o/+
2) ST (J2o) SM (J2o)

16
8P −4.737 15.66 12.13

17
96 1.952 16.81 0.60

208
98S# −21.76 7.37 8.01

z ¢¤Af1�W�� ¤ ¢�f1¤�ù�� �fR� �ýf�æx ¤ Ñf�S+�� ��æf$ � 'ü Ñf�]"� �� �¡Ý�

��



|×�TÙ�� �¯×éñ ��ù×ñß è�

�ùô�æ�Z�æ+ æ$ Az. æÔ{+� rf� æP$� �%�$ �+ i ÑM�iAÁZ�� �æ`��1�æ+ ¦¤�W�� �³æ$ �ò��� �ûZþ$ Ã¾
�oWk�� $� rf� }æ	���� õK¤ o�� ¤ z Ñ$ �0�� ���W�� ���� �æ$ �W�� �o+ �oÓ³ �ý�� �LQWHUDFWLRQV�
�R��� �nÒ �ê æÜÊ" �A�W` i Ñ{k�" U`� rf� Ñ$ �0�� ¥�Wîè Ñ��ZáàÜ� H!æR4ó� �òk�Z� �¿�o� ��æ�q
ib¥²�� ��æ�q �æWÒ ¢� ¢���� õ" i �OLTXLG GURS PRGHO� �!æk�� �A{� ����q �Ò i u�� �o��¤

z æ" æ��. �o��" æÜÊþf� Ñ�1�� Ñþ�æ+ æÞY�+ ¤ iboM�+ o"� nW" '"È¹� æÒ��x o� ¤ Ñ�M�� �ò� æÞY�+
�æM{�»·� �òßË i Ñ$ �. �x� ¦¤�W�� u+Ê¹� Ñ�æx æ�{m Ã¾ i ¦¤�W�� u+Ê¹� Ñ�æ{� ÑM�iAÁZ�� Z>��� 
ü� AzW�æ+
�æ$ �W�� ���1 �y� i �xn�� Ñ$ ¤®� i �OLTXLG GURS� æ" �!æ` �A{�+ Ñ$ �0�� ���W�� �M]�t 'þ�g Í.� 
ü�

� xf$ æ%M� �]&�î æWÒ ÍTn�� Í�¤� z �æî¥?9ó� �¤� U�.

�Ô� i �!��k�� y�ZÒk üè�ç ¤ x æÜ¤æ$ �. �o� rf� y��þ² Ã¾ ¤ Ñþ¬æ4 Ñ$ �0�� ���Wîè ÑM%t_�� *"S+�� õ

æÔ�¦~ ��×¦ æ�� i uþP�� ¿��×½ õ" æÔ%èF H�û¥ Ã¾ ¦� i �LQFRPSUHVVLEOH� ÑMxæþP.� �ò�
z Ñþ¬æ4 ÑM%t_��

�æî¥?9ó� ¤ i Ñ$ �0�� ���Wîè ÑTk��æ+ �æ$ �W�� i �æ.�þ�·� �o� õ" �`æW�i �oZ�æ5ó� �ýjH �ê �t_�� õ

z �!æk�� �A{�� ÑTk��æ+

°¢Ó ¦¤�W�� u+Ê¹� Ñ�æx �� ¤ �bÑM�MÆ¾� æÜ¤æ ~$� 
ü� Ñ$ �0�� ���W�� ÚMþ�Z� Ñ"�ùôè� Ñ�æ{�� õ

x �ùì� ¦¤�W�� u+Ê¹� Ñ�æx Å¯�H ��4� ���W�� Å¯�H æ	px� i ���W�� *"¦~ õ" �`æW�v � æÔ�$ A�1
�Ô� i �æÒ�ò]H% ¦�� F�+ 'ü æÞY�+ *"!æk�� �A{��� �æî¥°� Ú�� Ñ"�ùôè� Ñ�æ{�� üè�ç ¤

z �A{��� *"¦~ õ" �`æW�v

¡æ� ¤ i �*DPRZ� ��"æ�� n>¤Ê¹� S&æ��� Í��ÿ�� �="��� £nÒ rf� o%Z�$ Ñ$ �0�� ���Wîè ����q  ¤�
H!æR4ó� F�+ �]J0 �%Ü¾ �Ò ¤ i ���� ¡æ� �:HL]V¦FNHU� �®�æÜ¾æ�� �Àæ»·Æ¾� S&æ��� £Ù°�{þ¬
����}b� �nÒ ¦�~$ zzz ¦¤�W�� A{��� yR. ¤ Ñ$ �. �x� ¦¤�W�� u+Ê¹� Ñ�æ{ì Ñ$ �0�� ���Wîè ÑM`æ`Æ¾�
¤ ÍZ�p� ¢�.æ� ¤� �VHPL�HPSLULFDO PDVV IRUPXOD� *"S+îè ÑM�iA×³ yRW�� ÑþMR�æ+ �A�$ æ" 
ü�

z �%HWKH�:HL]V¦FNHU IRUPXOD� �®�æk�iæ�

��



�ê Ñf�S+îè ÑfMTf$ AÁZ�� yfR. ÑfþMR�� �¤of¬ yf�ZÒk �æ"æÔf`� �� |×lÑ

z Ñf$ �. �fþf� ¦¤�fW�� uf+Ê¹� Ñf�æx

?×�Á�\V ?×»�×¯E! ç×ÀÅ�� ?×l»À�� ��

*"�Zk" Ññ¢æ$ �ò� AÒ��w �o� æÜÀ� �ÒæÜË ¦¤�W�� u+Ê¹� Ñ�æx ¢� ��ÿ�. i �!æk�� �A{� ����q �æx� �ê
�æ� �"æ�" æÜÊ" o��¤ �x� i �¤o5ó� '" �o� õ�v �xc rf� æÜÍ÷æMR+ æW� �%Ü¾ æ�� i æÜÊ�p æ%M�

� �üæZ�� �½W�� rf� �{�1 *"S+îè ÑM�iA×³ yRW�� ÑþMR�� z æM�iA×³ ÍZ%M� �oÓ³

B(A,Z) = apA− abA
2/3

− a+

Z2

A1/3
− a�

(A− 2Z)2

A
+ δ ����

� Å¬��4 �ap, ab, a+, a�� �éæT�� ¤ i ¦�0�� ��Ê¹� Z ¤ xfS+�� ��Ê¹� A �]�g 
M¬

ap = 15.8 J2o ; ab = 18.3 J2o ; a+ = 0.71 J2o ; a� = 23.2 J2o

ÑM½{k�� Ñ�æ{�� �Àæ]�� ¤ i �YROXPH HQHUJ\� ÑM%t_�� Ñ�æ{�� �]�g ���� ¢�.æ�îè  ¤Æ¾� o5ó�
¡o� Ñ�æx õ+�Ê¹� ¤ i �&RXORPE HQHUJ\� ÑM"���þf�� Ñ�æ{�� 
�æ]�� ¤ i �VXUIDFH HQHUJ\�

æW� �oø¥ z �SDLULQJ HQHUJ\� �¤��ÿ�� Ñ�æx �δ� U"æ4ó� ¤ i �DV\PPHWU\ HQHUJ\� AwæWZ��
z Ñ$ �. �x� ¦¤�W�� u+Ê¹� Ñ�æx �ê �¤o5ó� £nÒ y�ZÒk �æ"æÞ>� ��� �xn��

��



?×»�âÍ}� ?×ñTé�� �

�ê ��¿ª �ý�� A �æ$ �W�� �o� õ" �`æW�v ¦¤�W�� u+Ê¹� Ñ�æx ¢�  ��. ¢� æWWþ�g i �ü¤� Ò¥A�Zì
� *"S+îè b?�AÁZ�� yR. ¢�.æ��� '"  ¤Æ¾� o5ó� 
ü� æ.���$ æ�� i ���W�� �y�þ1

∆Bp = apA

?×»+éÙ�� ?×ñTé�� �

�æ$ �W�� �]" �æÔ9ó� õM�v '" ��æ×³ ¥�� 
ü� �A�þ² Ã¾ Ñ$ �0�� ���W�� �{` rf� ���°�»·� �æ$ �W��
¤ i ¦¤�W�� u+Ê¹� Ñ�æx Ù°o�1 �ê æWþ�æ+ o� æû¯� �ú�$ æÒo�¤ ÑM%t_�� Ñ�æ{�� rf� æ.�æ%Züæ� z ÑM���1��
�Zþ1 i �xn�� Ñ$ ¤®� Ñ$ �0�� ���W�� ¢� �ùZ�. æû¯� æ�n z �VXUIDFH H�HFW� �{k��  ���»· æW�æ��åÎ üè�

� �½W�� �nÒ rf� æÜÍ¬æk"
S = 4πR2 = 4πr20A

2/3

� �xc '" *"S+îè ÑM�iAÁZ�� yR. ÑþMRîè �Àæ4 o� �æWÒ ¢� �ú�$ �nÒ

∆Bb = −abA
2/3

?×»�ù�ùlÔ�� ?×ñTé�� �

²�Ç¾� �Ò ¦�~$ i Ññ¢æ+AÔ�f�� ÑW½n�� ��ÜÅ i Ñ$ �0�� ���W�� ���� �æ.�1¤�ù�� �o+ �oÓ¦ ¦0�� A�æWZ��
��ÿ�. i ���W�� *"¦~ õ" ���×° ¦0��  ���»·� �nÒ Ù°o�Z� z ¦¤�W�� u+Ê¹� Ñ�æx Ñ%M� '" HM��Z�� 
ü�

�b¢�� �� æÜÍ�æV+� i Ñ$ �0�� ���W�� ���� ¡æzþ¯æ+ ���þ² Ññ¢æ+AÔ�f�� ÑW½n�� ¢�

ρ =
Ze

(4/3)πR3

� ���W�� '" r + /r ¤ r �o+ ���RÓk Ñ�Tx ���� ÑW"�x�� Ññ¢æ+AÔ�f�� Ñ�æ{�� ¢Ç¾� �kÓ°

/E+ =
1

4πǫ0

q /q

r

� ¢� æ�n
q = ρ×

4

3
πR3

� �ZW�ÜÈ
/q = ρ× 4πr2/r

��



� ÍW" ¤
E+ =

∫

R

0

/E+ =
4π

15ǫ0
ρ2R5

� rf� �RÓ° i �R = r0A
1/3� ¦¤�W�� A{��� yR. F$ ��1 o�+

E+ =
3e2

20πǫ0r0

Z2

A1/3
����

� �xc rf� ÑM"���þf�� Ñ�æ{�� Ñ+æS++
∆B+ = −a+

Z2

A1/3

� *"S+îè ÑM�iAÁZ�� yR. ÑþMRîè �ä���þf�� o5ó� �"æ�" �ZW�ÜÈ

a+ =
3e2

20πǫ0r0
≈ 0.71 J2o ����

z æ$ Az. Í+æk¬ 'þ�g ¦0�� oM¬��� Å¬æ]�� �Ò a+ ¢� 
ü� æWÒ ��æcÂ¾� �o×³

|×¢TýîÐ� �Ý×j ?×ñTæ �

�æ.¤Ù½�W�� �o� ¢� �Ò ��æþ�æ� i �æ.¤Ù½�W�� �o� ¤ �æ.�1¤�ù�� �o� �æTZüæ+ �AwæWZ" æ�d�� ¢�þ1 Ã¾ ¥�W��
� �Ò Ñ$ �0�� ¥�Wîè AwæWZ�� ¡o� �]�g ¦0�� o5ó� z �� �fþc� �æ.�1¤�ù�� �o� '" �ùì�

∆B� = −a�

(A− 2Z)2

A

z �∆B� = 0� æ"o�W" o5ó� �nÒ ¢�þ$ i �A = 2Z� AwæWZ�� *�æ� �ê

�¡�×È�� ?×ñTæ �

�ÑM°¤� æÜ¡�  ��.� �æ.¤Ù½�W�� '" æM°¤� ��o� ¤ �æ.�1¤�ù�� '" æM°¤� ��o� '%Pþ² �ý�� ¥�W��
��ü1 �æ$ �W�� ¢� �ú�$ �nÒ z ]AæT»·� æÒ���× æÒ��°�»·� ¥�W�� '" ���A�Z`� ��ì� æ�d�� ¢�þ1 �ÑM°¤�
o��$ 
M¬ Ñ�MT{�� �ê ��K�+  ���»·� �nÒ ¥Ùº z ��A�Z`Â¾� �¿�oc ¥�. �F+n�� �¤��ÿ�� 
ü� æ�d��
�o�+ n�é. �ý¬ z �A�Zk" ÑM°¤��ÑM°¤� ���. ��� o��$ æ%W�p i �A�Zk" Ñ$�A��Ñ$�A� u�� ¥�. �
æT�æ` ¤ ÑM°¤��ÑM°¤È¹� ¥�Wîè ÑTk��æ+ æT°�" ¢�þ$ æM½M½R1 �o� yMP. i �AÒæz�� £nÒ �æTZüÂ¾�

� ¥²�Æ¾� �Ã¾æ5ó� �éæ+ �ê æ"o�W" ¤ i Ñ$�A��Ñ$�A��� ¥�Wîè ÑTk��æ+

δ =



















+aTA
−1/2 (Z, N HYHQ)

0 (A RGG)

−aTA
−1/2 (Z, N RGG)

����

z 34 J2o �ü��¬ ¦¤æÜ¾ �Ò ¤ æM�iA×³ ÍZ%M� �oÓ³ æþ¬æ4 aT �]�g 
M¬

��



z ¦¤�fW�� ��Af�Z`Ã¾� �úf½W" �� |×lÑ

£¡ÕÈ�Â�� ��¯×þÈÎ1,� ��¡ ��

�Zþ. ¢� æWWþ�g i ���� *"S+îè ÑM�iAÁZ�� yR. ÑþMR�� ¤ ��� ¦¤�W�� u+Ê¹� Ñ�æx y$ A�1 ¡�o+Z`æ+
� �üæZ�� �½W�� rf� Ñ$ �0�� ���W�� *"¦~

m(A,Z)c2 = ZmT + (A− Z)mM − apA+ abA
2/3 + a+

Z2

A1/3
+ a�

(A− 2Z)2

A
− δ

� �Zþ. ¢� æWWþ�g i A xfS+�� ��Aîè ÑWM�" Ñ%M�� ÑTk��æ+

m(Z)c2 = aZ2
− bZ + c

� 
MÓ


















a = a+A
−1/3 + 4a�A

−1

b = (mM −mT)c
2 + 4a�

c = AmMc
2 − apA+ abA

2/3 + a�A− δ

� Ñ{�W�� �ê æñ¯� Ñ%M� õ" �SDUDEROD� æR�æ. æ�{� æWM{�$ Z ¦�0�� ��Ê¹� *�Ã¾¿¤ m(Z) *"S+�� ¹>�

ZKBM =
b

2a
=

(mM −mT)c
2 + 4a�

2(a+A−1/3 + 4a�A−1)

��



z ¦�nf�� �f�Ê¹� Ñf�Ã¾¿¤ Ñf�S+�� Ñf$ ¤æk�»·� ��oMfjxW�� Ñf�¦~ ��� |×lÑ

�RÓ° i æM°¤� ¢�H ��� æ"� ¤ i o��¤ �ê�x" õ{� rf� �RÓ° i �δ = 0� æ$�A� A xfS+�� ��Ê¹� ¢�H ���
¢�H ��� æT�æ` ¤ æM°¤� Z ¦�0�� ��Ê¹� ¢�H ��� æT°�" ¢�þ$ ¦0�� δ o5ó� ��ÜÅ �oJ��x" �o�{� rf�
Zx�Z�� 
ü� �M�t ¥�W�� ¢� t¬ùô. i A xfS+�� �o�îè ÑWM�" Ñ%M�� ÑTk��æ+ z ��� �xn��� æ$�A� Z

��A�Z`Â¾� ��¤ 
ù¿ª �ý�� ¤ *"S+îè Ñ%M� 
À�é+ *"]%»·� ��A�Z`Â¾� *�æ� 
ü� �R1 �ý¬ �β� ¦¤æZ�T��
z �� �xn�� Az.�� �EHWD YDOOH\ RI VWDELOLW\� ¦¤æZ�T��

��


