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�ùô�æ�Z�� ��æ×³ �zæþ¯ �M�Ó³ '" $�Æ¾� Ñ�M�¬ �ê �Ãé1 Ñ$ �0�� ���W�æ+ Ñ���Z»·� �æM{�»·� ÑMT��� ¢�
�n� �ê �]&�î �ý�� ¤ i �Ü¤��ùZÒk �ê ¢�$ ¤�W�� ¢�ñ¢æ$ �ò��� æÜ§oÓ¦ �ý�� �QXFOHDU UHDFWLRQV� Ñ$ ¤�W��
i ùô]" Ñ$ �0�� ���W�� �æn�ì� SD o��� z �ùô�æ�Z�� �nÒ 'ü �Z�i æ" Ñ`��� ¤ ¥²�� ¥�û¬ Ñ$ �� ¥�.
�n� �ê *"]%Z»·� ��òÞL�� Ñ+AÁZ�� �zæþ¯ �M�^N� ���� ¡æ� �5XWKHUIRUG� �������¤�� ¡æ� ¢� o�+
'"b¥²�� �$� �������¤�� �Ax '" ���� ÑW` ¢�1¤�ù�� yn�ì� ¤ i α �æ%Mk× ÑMTÒ� Ñ,M�M
�Ú$ ¤�æc� ¡æ� ¢� o�+ ¢¤Ù½�W�� �æn�ì� SD ¤ i α �æ%Mk× �¤�Ç¾� ¥�. �n� ÑM��c  ùô�
o�1 zzz α �æ%Mk× ¡�M��ù�� ¥�. �n� �ê ��]�t Ñ+AÁZ� 2M�� H½�+ ���� ¡æ� �&KDGZLFN�

*�æ�� *"M`¤ æÜ¡Æ¾ Ñ$ ¤�W�� }æ$ �ò���  æ×k �ê �o�"æ��� '" �ò]þfîè ��æn�� �þn�� ¡�M�� Ñ$ ¤�W�� �ùô�æ�Z��
z Ñ$ �0�� ���W�� Ñ`��1�

?×�Tq�� ¶×�TÀ¢a� è�

¡�æR1 �o� o� Í.�  ��. i æ%ÜÀZì²� �òMþ1 
ü� ¦�~$ ¦0�� ��o�»·æ+ ²�~ ¹I° '" ¹I° ��ÿ�$ æ"oWü
z Ñ$ �0�� ���W��H �oZTì$� �oZ��v ¤� �oZM�¤� �oZ%Mk° ¢ùô�æ�Z»·� ¢æ%k9ó� ¢�H� }��` i æ%ÜÊ�p ��æ�1 ¤�
i ùô]" ��æM�T�� ��="f� �oÓ¦ ÚÌ¬ i ¡oR�� ÑM��c  ùô� ¢æk"ùôþ¥ �o%k9ó� ¢� æ%Z¬ �ú�$ Ã¾ æWÒ ¡�æRZ��
'" æ��o�� ��ÿ�� æ"oWü Ñ�æ{�� '" ¤ �çA5ó� ÑM�O '" }°� Ã¾�æø² �o��æ�Z»·� �o%k9ó� ¢� �ú�$ æ�q� ¤

z �ê�x�� ��o�»·æ+ ¥²�Æ¾�

� �üæZ�� �xn�� rf� �Zþ$ �×���}b� ¦¤�W�� ��æ�Z��

� + s −→ u + #

��



� ][ZÒk �xßÅ ¤
s (�, #)u

�ofFB� ¤� Ñ�oÜÍk»·� ���W�� ; �]�g ¤ i æÔ�$]I�p ¡��. �ý�� �SURMHFWLOH� Ñf�$n��� ���W�� D �]�g 
M¬
æ0ZW" æ%Ô� < ¤ E æ"� z �ÍM� 'Ó° ¦0�� ¡æzW�� �Ò ¤� �ùáàÜ� ¡æz. �ê ÑWìæ` ��æ� ¢�þ1 �ý�� �WDUJHW�
i �oZ�M�« E ¤ D ¢æ1��W�� ¤ �oZ�M�4 < ¤ ; ¢æ1��W�� ¢�þ1 æ" æT�æ� z �UHDFWLRQ SURGXFWV� ��æ�Z��
< *"M�]�� ���W�� Uþ� rf� i �GHWHFWDEOH� ynþfîè *"+æ� E Ñ0ZW»·� Ñ�M�4ó� ���W�� ¢�þ1 æ" æT�æ� ¤

z �UHVLGXDO QXFOHXV� Ñ��+Z»·� ���W�� ��k�� �nFB 
ù¿ª �ý��

'" yn�ì� ¤ i ���� ¡æ� �5XWKHUIRUG� �������¤�� £?×°� ¢æÜÈÂ¾� ü}�æ1 �ê ¦¤�. ��æ�1  ¤�
� �SURWRQ� ¢�1¤�ù�� &�ùô�

4

2
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L −→17
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1
T

� ][ZáàÜ� &�xc �ê ¤
14

7
L (α, T)17

8
P

æP$� �æWÒ 'þf� i �G� ¡�$ Ù½¤1�� ¤ α Z>k9ó� ¤ �S� ¢�1¤�ù�� �� Ã¾æ%�Z`� ��ìÆ¾� Ñ�M�4ó� y!�n���
Ñ�M�4ó� y!�n��� Ñ`��� rf� �R��� �nÒ �ê ][Z�. z *"M�4 y!�n� ¡o+ZÜË �ý�� Ñ$ ¤�W�� �ùô�æ�Z��
ÑM�æ��� Ñ$ ¤�W�� �ùô�æ�Z�� ¢� ¢���� õ" i �≃ 10 J2o� æM�ÜÈ ÑP�¼W»·� �æ�æ{�� ¤ �A < 4� u��

z < ¤ E �o1��W�� 
ü� Ñ�æKÂ¾æ+ ¥²�� �æ%Mk° �Z�v Ñ�æ{��

 ��. i �æP$� �oZ�+æ{Z" < ¤ ; ¢æ1��W�� ¢�þ1 i *�æ5ó� £nÒ �ê� E Ñ%Mk9ó� õ" D Ñ�$n��� ��+æ{1 ���
�oM`æ`Æ¾� æ%ÜÀ®�Zk" �ê < ¤ E ¢æZÁZW»·� ¢æ1��W�� Å¯�H ��� � �GL�XVLRQ� ��æ{Z`� Í.� ��æ�Z�� 'ü
�o1��W�� �o1æÒ ¥o�� Å¯�H ��� ¤ i �HODVWLF� Ñ.$� ��æ{Z`Â¾� ¢�  ��. �IXQGDPHQWDO VWDWHV�

Å¯�H ��� ¤ z �LQHODVWLF� Ñ.$� �ò� ��æ{Z`Â¾� ¢�  ��. �H[FLWHG VWDWH� ��æ4� *�æ� �ê æ��æZjH ¤�
z �QXFOHDU UHDFWLRQ� ¦¤�W�� ��æ�Z�� ÑM%ÜË ¡o+ZÜÈ æû¯å� i æ"æ�t �oZ��ZÒk E ¤ D ¢æ1��W��

ÑMW"� �o"  ùô� ¢�þþ² ¤ i Ñ�$n��� Ñ�oÜÍk»·� ���W�� HZ�t i æM�ÜÈ Ñ�M�K Ñ�$n��� Ñ�æx ¢�þ1 æ"oWü
� �FRPSRXQG QXFOHXV� ÑTìA»·� ���W�� 
ù¿ª ÑM�æ� ��æ4� ��� ���. �o� ��òR�

� + s −→ w∗ −→ u + #

Í.� �� i �GLUHFW QXFOHDU UHDFWLRQ� �]AæT" ¦¤�W�� ��æ�Z�� ¢�þ$ i ÑM�æ� Ñ�æ{�� ¢�þ1 æ"oWü 'þf�
��T�� ¡�ùôè� '"È¹� ¦¤æÜË ��x�æ+ ��òR� ÑMW"� ��ÿ� �ê ZK$ ¤ i ÑTìA»·� ���W�� *"�A�n �¤A»·� ¢¤� �oÓ¦

£�¤$� }æûµ� �xì ���W�� õ" Z>k9ó� ��æ�þ¥ Ã¾ üè¾¤ ¤ i ��oFB�� ���W��  ùô� �Ñ�$n���� Z>k9ó�
z æÜ¤æ.�þ" F�+ õ" u�� ��æ�þ¥ æ�q� ¤ æFBùô�

��



â×ÿ£a� �×_��ùñ è�

�ê ÑM`æ`� �o.��� �� ¤ i �FRQVHUYDWLRQ ODZV� t�¬ �o.��� 
ü� Ñ$ ¤�W�� �ùô�æ�Z�� õPÒ³
�çA5ó� ÑM�O ¤ �WRWDO HQHUJ\� ÑMjx�� Ñ�æ{�� �]" i  ¤?�" ¡æzW� ÑM`æ`� �æM�O t�¬ °¢Ó³ }æ$ �ò���

z �HOHFWULF FKDUJH� Ññ¢æ+AÔ�f�� ÑW½n�� ¤ �PRPHQWXP�

?×_�T�¯BqÔ�� ?×Å+Ü�� â×ÿ� ��

� ¡æ��� &�xc �ê æ$ ¤�. ùô�æ�1 �ùZ�.

(1) + (2) −→ (3) + (4)

� �üæZ�æ+ ¤ �òþþ² Ã¾  ¤?�»·� ¡æzWîè ÑMjx�� Ññ¢æ+AÔ�f�� ÑW½n��

q1 + q2 = q3 + q4 ����

?×Z̄ £a� ?×»ò½ â×ÿ� ��

� �Zþ. æW��×¦ æ�� i Ñþ¬æ4 ÑMjx�� �çA5ó� ÑM�O �úø² i �o1��. ¡�æR1 oWü

TR + Tk = Tj + T9 ����

θ �oþ¥¤�È¹� ¢æ�WR1 ��� ¤ ��� �o1��W�� ¢� ¤ i �Tk = 0� �ùáàÜ� ¡æz. �ê 'ìæ` �oFB� ¢� ���ÿ�æ+
� �yo"æ�Z" �y��Ók rf� ���� Ñ�ùô��� u�ÜÈ ¢� æWWþ�g i ��� �xn��� �¤���� £æ×³� õ" �ü��Z�� rf� φ ¤







p1 = p3 +Qb θ + p4 +Qbφ

0 = p3 bBM θ − p4 bBMφ
����

T3

T4

θ

φ

T1

õ
T2 = y

z �ùáàÜ� ¡æz. �ê �oZ%Mk° �o+ ¡�æR1 ��� |×lÑ

��



?×»Øæ�� ?×ñTé�� â×ÿ� ��

ÑMjx�� Ñ�æ{�� ¢� �ú�$ �nÒ ¤ z ²�Ç¾ �xc '"  �^N% æ�q� ¤ i ¡o��� '" �o,ZÜË Ã¾ ¤ �ú�1 Ã¾ Ñ�æ{��
¢� æWWþ�g 2+æk�� ¦¤�W�� ��æ�Zîè ÑTk��æ+ z t�^K% æÜ¡� ¦� i �òþþ² Ã¾ ¤ Ñþ¬æ4 æ�d�� �úø²  ¤?�" ¡æzW�

� �Zþ.

m1c
2 + T1 +m2c

2 + T2 = m3c
2 + T3 +m4c

2 + T4 ����

Ñ%M��� �A�. z �NLQHWLF HQHUJ\� ÑMìA5ó� Ñ�æ{�� T ¤ �UHVW PDVV� ¢�þk�� *"¦~ m �]�t 
M¬
� �üæZ�� �½W�� rf� �Q�YDOXH� ��æ�Zîè Q

Q = [(m1 +m2)− (m3 +m4)] c
2 = (T3 + T4)− (T1 + T2) ����

¢�  ��. i �Q = 0� Ñ"o�W" Q Ñ%M��� ¢�þ1 æ"oWü z ��æ�Z�� �ê ��AâàÜ� Ñ�æ{�� ÑM�O �]�t �� ¤
� æû¥1� ¢�þ$ *�æ5ó� £nÒ �ê z �HODVWLF� ¢$� ¡�æRZ��







m1 +m2 = m3 +m4

T1 + T2 = T3 + T4

�ò� Q Ñ%M��� ¢�þ1 æ"oWü z æ.$� ¡�æRZ�� ¢�H ��� ¢æz�^K% ÑMìA5ó� Ñ�æ{�� ¤ *"S+�� ¢� �ú�$ �nÒ ¤
i �Q > 0� ÑT°�" Q Å¯�H ��� � �LQHODVWLF� ¢$� �ò� ¡�æRZ�� ¢�  ��. i �Q 6= 0� Ñ"o�W"
Ññ¢�oþ¬Â¾� �æ%Mk9ó� *"¦~ '" }°�  �^N� ÍM� ¤ i �H[RHUJLF UHDFWLRQ� Ñ�æ{îè æ0ZW" ��æ�Z�� ¢�þ$
� ��æ�Z�� �ê *"��1�� �æ%Mk9ó� *"¦~ 'ü ��æ�Z�� 'ü Ñ×³æW�� �æ%Mk9ó� *"¦~ ��1 
MÓ i Ñ�æx 
ü�







m1 +m2 > m3 +m4

T1 + T2 < T3 + T4

¤ i �HQGRHUJLF UHDFWLRQ� Ñ�æ{îè æMæ" ��æ�Z�� ¢�þ$ i �Q < 0� ÑT�æ` Q Ñ%M��� ¢�þ1 æ"oWü ¤
� ��æ�Z�� 'ü Ñ×³æW�� �æ%Mk9ó� *"¦~ �ê Ñ�æK� 
ü� ��æ�Z�� �ê *"��1�� �çA5ó� Ñ�æx '" }°�  �^N� ÍM�







m1 +m2 < m3 +m4

T1 + T2 > T3 + T4

�ê i Ñ�$n�îè ÑMìA5ó� Ñ�æ{�� '" 
À�Æ¾� o5ó� z Ñ�æ{�� '" �o� �ò��þ¬ Ã¾� ��æ�Z�� �oÓ¦ Ã¾ üè¾¤ ¤
z �WKUHVKROG HQHUJ\� Ñ�æ{�� ÑTZü 
ù¿� Ñ�æ{îè �æ" ¦¤�. ��æ�1 ��o�Â¾ Ñ"�ùôè� i �ùáàÜ� ¡æz.

��



x

y

`1

`2

`1 − `2

`:

m1

m2

*

z *"S+�� ¬�$� ¡æz. ��� |×lÑ

?×�Á��� ×Z�� �Õè� è�

�æ�+� ��b�æ�+� ��� ÑZÜÅ æÜ¡Æ¾ üè� ¤ i �o��" *�ék" �o%k° '" ÑTìA»·� Ññ¢æ$ �ò��� *"ã×Î� �ç²� ¢�
� �oZ��æ�»·� rf� �RÓ° i ¹I° �H rf� �çA!�� �1HZWRQ� ����ñ¯� ¢�.æ� 2MT{þ¬ z �¹I° �x�















m1

/2`1

/t2
= 6(`1 − `2)

m2

/2`2

/t2
= −6(`1 − `2)

���°�»·� ����� �Ô� 6 æ"� i æ%Ô�K�" �ÔÁZ" `2 ¤ `1 �]�g ¤ i �o%k9ó� �ý�¦~ m2 ¤ m1 �]�g 
M¬
� �üæZ�� �òMþZ�� }�²�� 
ü� æT�æ� o%�. i *�ék»·� £nÒ uMk�Z� z æ%ÜÊ�p











` = `1 − `2

`: =
m1`1 +m2`2

m1 +m2

�o%k%�� �FHQWUH RI PDVV� *"S+�� ¬�$� õK�" Í0Z" `: �]�g æ%W�p �o%k9ó� �o+ ÑM�k��� Ñ�æk»·� ` �]�g
� �oZ�+æk�� �oZ�ùô��� ¢Ç¾� 2ZßÈ z ��� �fþn���















/2`

/t2
=

/2`1

/t2
−

/2`2

/t2
=

(

1

m1

+
1

m2

)

6(`) =
1

µ
6(`)

/2`:

/t2
=

1

m1 +m2

(

m1

/2`1

/t2
+m2

/2`2

/t2

)

= 6(`)− 6(`) = 0

� Ñ�ùô��æ+ �{�1 �� ¤ �UHGXFHG PDVV� *��ÿü4ó� *"S+�æ+ µ �A�1
1

µ
=

1

m1

+
1

m2

HÒ³ 
ü¤Æ¾� �çA5ó� z �oZ��Zk" �oZì²� 
ü� �o%k° '" ÑTìA»·� *"ã×Î� �ç²� æW�R� i �òMþZ�� �nÒ �P�+
� 6 ���îè �A�þ² µ ÍZ�¦~ æM��¤ æ%k°

µ
/2`

/t2
= 6(`)

��



� æû¥1� ¡�� æ" Ñ%zZW" Ñ%M�Zk" �ç²� �� ¤ *"ã×Î� £nFB �*� *"S+�� ¬�$� HÒ³ Ññ¯æ]�� �çA5ó� ¤

/2`:

/t2
= 0

� *"S+�� ¬�$� Ñ�]> �æk¬ æWWþ�g `: �æ�n�� �æ�Zcæ+

p: =
/`:

/t
=

1

m1 +m2

(

m1

/`1

/t
+m2

/`2

/t

)

=
m1

m1 +m2

p1

¢� æ�n zb�p2 = 0 ¢� ¦� �ùáàÜ� ¡æz. �ê 'ìæ` �oFB� ¢� æWÒ æWK�ÿ��� Ñ�$n��� Ñ�]> p1 �]�t 
M¬
z Ñþ¬æ4 æP$� �� p: Ñ�]I�� ¢å� ibÑþ¬æ4 p1 Ñ�]I��

U�û¬ *"S+�� ¬�$� õ" �A^N� ¦0�� �æW`Â¾� �xMÒ �Ò �FHQWUH RI PDVV V\VWHP� *"S+�� ¬�$� ¡æz.
�"�� æ" �LQHUWLDO� �üæ{ü ¡æz. üè¾¤ �Ò ¤ i *"S+�� ¬�A»· æ�+æ{" £�oT" ¢�þ$ ¤ i Ñþ¬æ]�� Ñ�]I��
Ñ"o�W" æ�d�� ¢�þ1 ÑMjx�� �çA5ó� ÑM�O ¢� �� *"S+�� ¬�$� ¡æzW� ��ò" �Ò� z Ñ%zZW" ¤ Ñ%M�Zk" ÍZì²�

� £o�+ ¤� ��æ�Z�� �T� }��`
T∗

1
+ T∗

2
= T∗

3
+ T∗

4
= y

� ¡æzW�� �nÒ �ê Í.Æ¾ üè� ¤
m1`

∗

1
+m2`

∗

2
= y

� ÍW" ¤ i *"S+�� ¬�$� ¡æz. �ê �o%Mk%�� õK�»·� �ÔÁZ" `∗
2
¤ `∗

1
�]�g 
M¬

m1

/`∗
1

/t
+m2

/`∗
2

/t
= T∗

1
+ T∗

2
= 0 = T∗

3
+ T∗

4

z *"S+�� ¬�$� ¡æz. ¤ �ùáàÜ� ¡æz. �ê �oZ%Mk° �o+ ¡�æR1 u{Òk ���� �fþn�� æWM{�$

T∗

3

T∗

4

T3

T4

θ

φ $IWHU FROOLVLRQ

%HIRUH FROOLVLRQ
T∗

2
T∗

1 T1

õ
T2 = y

/DERUDWRU\ V\VWHP &HQWUH RI PDVV V\VWHP

z *"S+�� ¬�$� ¡æz. ¤ �ùáàÜ� ¡æz. �ê �oZ%Mk° �o+ ¡�æR1 ��� |×lÑ

b

��



?×ñTé�� ?×ÂÈj è�

� ¢� ¦� i Ñ�æ{îè æMæ" ùô�æ�1 �ùZ�.

Q = (m1 +m2)c
2 − (m3 +m4 + . . .)c2 < 0

� �/RUHQW] LQYDULDQW� �U�s���� �òþZ" Ã¾ ¡o+ZÜÈ Ñ�æ{�� ÑTZü �æk5ó

E2 − p2c2 = E∗2 = m2

0
c4

¬�$� ¡æz. �ê ÑMjx�� Ñ�æ{�� E∗ ¤ i �ùáàÜ� ¡æz. �ê ÑMjx�� �çA5ó� ÑM�O p ¤ ÑMjx�� Ñ�æ{�� E �]�g 
M¬
� ��æ�Z�� �æ0ZW" �¦~ õ�v �Mæ5ó ��Æ¾� rf� æ$ ¤æk" E∗ ¢�þ$ æ"oWü Ñ�æ{�� ÑTZü rf� �RÓ° z *"S+��

E∗ = m3c
2 +m4c

2 + . . .

� ��ùáàÜ� ¡æz. �ê 'ìæ` �oFB� ¢� ��ÿ�.� æû¥1� ¥²�� ÑÔ° '"

E2 − p2c2 = (E1 +m2c
2)2 − p2

1
c2 = m2

1
c4 +m2

2
c4 + 2E1m2c

2

� Ñf+æS++
E1 = m1c

2 + Ei?

� æû¥1� �TR$ i �WKUHVKROG HQHUJ\� Ñ�æ{�� ÑTZü Ei? �]�g 
M¬

E2 − p2c2 = (m1 +m2)
2c4 + 2m2c

2Ei? = (m3 +m4 + . . .)2c4

� �ZW�ÜÈ ÍW" ¤
Ei? = −

(m3 +m4 + . . .)2 − (m1 +m2)
2

2m2

c2

� ¢� ¦�

Ei? = −
M

2m2

Q ����

� �S+�� �H õ�v �Mæ� M �]�g 
M¬

M = m1 +m2 +m3 +m4 + . . .

��



EHDP

WDUJHW

GHWHFWRU

/Ω

z �füæ�Zîè nTAf��� õf{�»·� ��� |×lÑ

ÜÂ¯×q�� c×éþ)%� è�

�RÓ° �ý�� � Ñ�$]I�� �æ%Mk9ó� '" �EHDP� Ñ"°� Ò¥�R1 �ê Ñ$ ¤�W�� �ùô�æ�Z�� �]&�î i õ����� �ê
¡æz. �ê ÑWìæ` ¥�. '" ¢�þ" �WDUJHW� �oÒ �Ó° � �DFFHOHUDWRU� �]I" Ñ{`��+ ùô]" æÜÀ��
ÑTÜÈ z ��� �fþn��� ��æ�Z�� Ñ�{W" 'ü �oM�+ ��æ�Z�� �æ0ZW" �GHWHFWLRQ� ynì SG i �ùáàÜ�
¤ �/x� �oFB� Ú�� õ" �`æW�v i ��æ�Z��  æ%Z¬� æP$� �]�t �ý�� i �/N/N� *"�æ�Z»·� �æ%Mk9ó�

� æÜ��ZÓ¦ �ý�� �n� ¥�W�� Ñ�æ©~

/N

N
= σ n /x ����

¦¤æÜ¾ �Ò ¤ i Ñ�oÜÍk" ¥²�� ¤ Ñ{�æ` ¥�. �o+ �o�" ��æ�1  æ%Z¬��oc 'ü σ �`æWZ�� �"æ�" �ù�$
Ñ{�æk�� �æ%Mk9ó� �o� ¤ �R� Ñ�oÜÍk" ���. �x� '"È¹� �o�¤ �ê �ùô�æ�Z�� �o� �o+ ÑTk��� æP$�

� �I� Ñ�æk»·� �o�¤ ¤ '"È¹� �o�¤ �ê

σ =
R

I
����

� ������� �æ%Mk9ó� E Ñ�æ{�� üè�ç ¤ φ ¤ θ �oþ¥¤�È¹æ+ �A�»·� yc�x�� £æ×³� rf� σ y��þ¥ æ" æT�æ�

σ = σ(E, θ, φ)

� Ñ�æk»·� õ" °3æ0Z" �Ò ¤
[σ] =

[/N/N ]

[n][/x]
= G2

i �EDUQ� ¢�æT�� �o��+ ��æ� �{�$ ¤ ��æ�Zîè �FURVV�VHFWLRQ� nTA��� õ{�»·� σ 
ù¿� üè0�
� æû¥1� z E æÒ"��

1 # = 10−28 K2

��



õ{�»·æ+ �A�$ ¦0�� ¤ i ��� �fþn��� /Ω ÑT�R�� Ñ$ ¤�?îè ÑTk��æ+  æ���� õ{�»·� �æM�+ ¡��. æM��c
õ{�»·� �ZW�ÜÈ SG i �/σ//Ω� �xc rf� ÍTZþ. i �GL�HUHQWLDO FURVV�VHFWLRQ� xfKæ�Z��  æ����

� x�x��  æ����
σiQi =

∫

/σ

/Ω
/Ω

���ù×ò��¡�� ��ÕéÈÎ� è�

¦0�� �ä���þf�� ��æ�Z��  ùô� '" æÞ>�¿§ ¢� ¢�� æû¯�x"å� i Ññ¢æ+AÔý ÑWÓ� &��t Ñ$ �0�� ���W�� ¢� æ�n
z ¢$� �ò� ¢�þ$ o� ¤ æ.$� ��æ�Z�� �nÒ ¢�þ$ o� z Ñ.�½n" �æ%Mk× æÔ�n�+ ¡��. �o� &� �A�þ²
ÑTÜÈ üè� ¤ i �5XWKHUIRUG VFDWWHULQJ� �������¤�� ��æ{Z`�b¢A»·� �ä�f��þf�� �füæ�Z�� �%fÜ¾
¡æ� Ñ$ �0�� ���W�� �æn�ì� 
ü� ��� �ý�� ¤ £�ùô"� ¤ �������¤�� æÒ�²�� �ý�� 
ü¤Æ¾� ��æ0Z�� 
ü�
ækþ� �`æW�v Ññ¢æ+AÔ�f�� ����� ¢� æ�n z �������¤�� ��æ{Z`� 'ü Ã¾æ]" �� �xn�� æWM{�$ z ����

�ê z �K\SHUEROD� �ê�x" õ{� �xc rf� ¢�þ$ Ñ%Mk9ó� �æk" ¢å� i �∝ 1/r2� Ñ�æk»·� õ+$� õ"
¢�þ$ Z>�Zk" u« 2�¤ �oFB� '" ��ÿ�M` u�æk�� Z>k9ó� ¢å� i Ññ¢æ+AÔ�f�� A�æWZ�� ��� �æM÷ *�æ�
z �LPSDFW SDUDPHWHU� ¡�æRZ�� �òþZ" Ñ�æk»·� £nÒ 
ù¿ª � ��æ{Z`Â¾� ¬�$� '" b Ñ�æk" o�+ rf�

z θ æÒ�o� Ñ$ ¤�×· xfMÆ¾� æÒ�æk" 'ü Ñ{�æk�� Ñ%Mk9ó� �A^K% i ÑMk�xæWþ"AÔ�f�� ����� ��P¬ �ê

� �Zþ. ¢� æWWþ�g i �çA!�� �1HZWRQ� ����ñ¯� ¢�.æ� ¡�o+Z`æ+

µ
/2r

/r2
=

q1q2

4πǫ0

1

r2

Ñ�ùô� 
ü� ¦�~$ *��æ�»·� £nÒ �� z �oFB� ¤ Ñ�$n��� �ýWÓ� q2 ¤ q1 ¤ *��ÿáàÜ� *"S+�� µ �]�t 
M¬

z �������¤�� ��æ{Z`� ��� |×lÑ

��



� θ ��AÓ°Â¾� Ñ$ ¤�� ¤ b ¡�æRZ�� �òþZ" �o+ u+Ù½

i�M
θ

2
=

b0

b
����

� Ñ�ùô��æ+ �{�$ æþ¬æ4 b0 �]�g 
M¬
b0 =

q1q2

4πǫ0µv20

b �o+ ���RÓk æÜ<�æR1 �òþ1 ¢�þ$ �ý�� �æ%Mk9ó� �H z Ñ{�æk�� Ñ%Mk%�� Ññ¢�oþ¬Â¾� Ñ�]I�� v0 �]�t
nTA��� õ{�»·� �æZW�`� æWWþ�g æWÒ '" ¤ z /θ ¤ θ �o+ ���RÓk æÔ��AÓ°� Ñ$ ¤�� ¢�þ1 i b + /b ¤

� xfKæ�Z��

/σ

/Ω
=

b2
0

4 bBM2(θ/2)
����

?×� ¡ùÅ�� ?×ñTé�� è�

æÒ�AÓ³ �ý�� Ñ�æ{�� £nÒ z Ñ$ ¤�W�� }æ$ �ò��� �æ�MT{1 �Ò� '" �QXFOHDU HQHUJ\� Ñf$ ¤�W�� Ñf�æ{��
¦¤�W�� �æfÞ[.Ã¾� �ùô�æ�1 ¤� �QXFOHDU ILVVLRQ� ¦¤�W�� �æf{ßÈÃ¾� �ùô�æ�1  ùô� Ñ$ �0�� ���W��
æP$� �� ¤ i æÒ�ò� ¤ Ñ$ ¤�W�� �+æW��� Ñ�æWM �ê ¤ }æ+AÔ�f�� �æþ¯� �ê �ê �þZÜË �QXFOHDU IXVLRQ�

z ¢�þf�� �ê ���°�»·� ¥²�Æ¾� ¡�ÁW�� y�ZÒk ¤ U%n�� æÒ�oR1 �ý�� Ñ�æ{��

£¡ù×Å�� �ÕéM61,� ��

�oþ¥¤�. �oZMzc 
ü� A{n�v ¤ ÑTì$� ���. 
ü� æ.æM¬�  �^N% æÜ¡å� i æ{�æ` æ.¤Ù½�. *"M�4 ���. HZ�t æ"oWü
z æ$ ¤�. ��æ{ßÈ� �]�g �ùô�æ�Z�� '" ��W�� �nÒ z ÑM�æKÂ¾� �æ.¤Ù½�W�� F�+ ����� U�. �ê ��oR"

� �üæZ��H �Ò �8� ¡�ñ¯���M�� *�æ� �ê �×���}b� ��æ�Z��

235

92
l −→ A1

Z1
sR +

A1

Z1
sR + ε 1

0
M

�o+ ÑTk��� z � ¤ � �o+ ÍZ%M� �¤��ÿ1 �MÓÑ �o� ε z A1 + A2 + ε = 235 ¤ Z1 + Z2 = 92 
MÓ
z ��� æø¥A�1  �æ�1 �æ{ßÈÃ¾� �ê �oZMzn�� �ý�¦~

��



£¡ù×Å�� �ÕLÉ�1,� ��

��AÓk ��4� ���. æ.�þZ� �A < 20� æM�ÜÈ �oZ�M�« �o1��. �æÓ³� &�ùô� �oÓ¦ ��æ�1 ¦¤�W�� �æÞ[.Ã¾�
æ�ùô{.� ¢�1¤� �F+ßË ®�¾§ i ¦¤�W�� �æÞ[.Â¾� ��æ�1 �ü  æ]�O z Ñ�æ{�� '" ÑM�O ����� U�. �ê

� ¢¤Ù½�. ¤ ¢�1¤Ù· '"

1

1
T + 1

0
M −→ 2

1
/ (Q = 2.23 J2o)

� �o.�1¤� �æÞ[.� o�+ α Z>k° �F+ßË üè�ç ¤

2

1
/ + 2

1
/ −→ 4

2
α (Q = 23.8 J2o)

�o�¤ �ê Ñ�æ{�� ¢� Ã¾� i ¦¤�. �æ{ßÈ� ��æ�1  ùô� ��AâàÜ� Ñ�æ{�� '" ��� �æ�æ{�� £nÒ ¢� '" �÷Ê¹æ+
�ùô�æ�1 ¡�ÁW�� ���¿¤ �oÓ¦ Í.� o�Z�. z *"�æ�Z»·� �æ%Mk%�� AþMÆ¾� �S+�� 
ü� �Az.b�ùì� *"S+��
z �S�S� ¢�1¤Ù·�¢�1¤�ù�� ¤ �&12� �o0kì���o�¤�ÿñ¯�¢�f+ ="f�� ��¤� ¹>æ+ �A�1 ¦¤�. �æÞ[.�

��


