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�
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&
���� 
������
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 �� ��,��
� κ ����
�� ��%�� ����	
��� ������� � 
������
� �
����� *
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 �

ε

κ
= B(T ), (1.10)

 �� B(T ) / ����&
� Ǳ�
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 )�� �
%��� �������������� ��������� �
����
� ������� � ���
�
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  ����
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������
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�� ���
����
�
�� �
�� ����	 
� ���
�
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 ���� ��� �
�
����� ����&
�
Ǳ�
��
 
���� ����� ������	 �
� �
���
 ?�����3%
��
 �

B(T ) =
2kT

λ2
=

2k · f 2

c2
, (1.11)
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�
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�
�
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��� ��
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���
� �������
 ������� � �
�
�
������
�� ������������� �����
�

TB ≤ T (1.12)
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��� � ����
�
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�
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�
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�
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�
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&
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� ���
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�
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Tb =
∫

ε e−τ dl, (1.13)

 �� ε ��� 
����
�����
� ����������� !��,����� 
������
��  ����
����
�� � ��
�
���� ������� � ��
�
���� �������� � ��" 
 τ / ���
����
�
 ���
�
 �

τ =
∫

κ dl, (1.14)

 �W κ / �����
&
��� �� ��,��
� �
�
����� � ��
���#
���
�
�� ε 
 κ �������� ����&
��
 �
�
������ ��
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�
� �
�

/ ���&����
&
� ���������� Ne 
:
�
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��
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�
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�����" (
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:
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��� �
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�
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 �
��
����
�#
/ � ��������� ����
�� � ��
����
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�%� ������ �
�
������� ����
���
��������� �
���
�� �
�
����
� �
�
������ ���
��
  ����
&

:�
�������
���
�
�����#

*
� 
������
� �
� 
 �� ��,��
� �
�
����� �
�
��� �
�%� �� 
�
�
����� f # Ǳ�
 ���� ��� 
� �
�
����
� �
�
����� ������ � ��
����
�
� ������,
� ����
�
&
��� 
���,
� ���&

����� �����
���
� �

X =
f2
0

f2 =
ω2

0

ω2 ,

Y = fB

f
= ωB

ω
,

Z = νei

ω
= νei

2πf
.

(1.15)
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 ����������	 �������
���
 !ω2

0 = 4πN2
e /m" 
 �
���%������
 �
 �
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F (X, Y, Z, ...) = Tb(f) (1.14)
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I(f) =
∫ ∞
0 ε(l) e−τ(l) dl

τ(l) =
∫ l
0 κ(l) dl

(1.15)
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I(f) = F (X, Y, Z, ...), (1.18)
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��������� ������������ ���������������¥ªæ¨ï 2�¥¬  : �������� ��������� �������������������������� ª ¯à¨ ¢ë¡®à¥  ¤¥ª¢ â­®£® ¬¥å ­¨§¬  £¥­¥à æ¨¨ ª®á¬¨ç¥áª®£® à -¤¨®¨§«ãç¥­¨ï, â ª ¨ ­¥¯®áà¥¤áâ¢¥­­® ¯à¨ ¤¨ £­®áâ¨ª¥ ¯ à ¬¥âà®¢ ¯« §-¬ë ¡®«ìèãî à®«ì ¨£à îâ ¯®«ïà¨§ æ¨®­­ë¥ ¨§¬¥à¥­¨ï. �á®¡¥­­® ¢ ¦¥­ ­ «¨§ ¯®«ïà¨§ æ¨¨ ¯à¨ ¨áá«¥¤®¢ ­¨¨ ¬ £­¨â­ëå ¯®«¥© ª®á¬¨ç¥áª®©¯« §¬ë. � áâ® à ¤¨® áâà®­®¬¨ç¥áª¨¥ ­ ¡«î¤¥­¨ï ï¢«ïîâáï ¥¤¨­áâ¢¥­-­ë¬ ­ ¤¥¦­ë¬ á¯®á®¡ ¨§¬¥à¥­¨ï ­ ¯àï¦¥­­®áâ¨ ¯®«ï. �®íâ®¬ã ¢ ­ -è¥¬ ªãàá¥ ¬ë ã¤¥«¨¬ §­ ç¨â¥«ì­®¥ ¢­¨¬ ­¨¥ ¬¥â®¤ ¬ ¯®«ïà¨§ æ¨®­-­ëå ­ ¡«î¤¥­¨© ¨ ¨å ¨­â¥à¯à¥â æ¨¨. � ç­¥¬ ¬ë á® á¯®á®¡®¢ ®¯¨á ­¨ïá®áâ®ï­¨ï ¯®«ïà¨§ æ¨¨ í«¥ªâà®¬ £­¨â­®© ¢®«­ë, ç¥¬ã ¨ ¯®á¢ïé¥­  ­ -áâ®ïé ï «¥ªæ¨ï.2.1. �¥â®¤ë ®¯¨á ­¨ï ¯®«ïà¨§ æ¨¨�®áâ®ï­¨¥ ¯®«ïà¨§ æ¨¨ ª®á¬¨ç¥áª®£® à ¤¨®¨§«ãç¥­¨ï ®¡ëç­® ®¯¨-áë¢ ¥âáï ®¤­¨¬ ¨§ ¤¢ãå á¯®á®¡®¢ . � ¯¥à¢®¬, ®¡« ¤ îé¥¬ ¡®«ìè¥© ­ -£«ï¤­®áâìî (á¬. �¨á.2.1), á®áâ®ï­¨¥ ¯®«ïà¨§®¢ ­­®© ª®¬¯®­¥­âë ®¯à¥-¤¥«ï¥âáï ç¥à¥§ ¯ à ¬¥âàë í««¨¯á , ª®â®àë© ¯à¥¤áâ ¢«ï¥â ¢à é¥­¨¥¢¥ªâ®à  í«¥ªâà¨ç¥áª®£® ¯®«ï ¢®«­ë ¢ ª àâ¨­­®© ¯«®áª®áâ¨. �â­®è¥­¨¥®á¥© í««¨¯á  ¬ë ®¡®§­ ç¨¬ ç¥à¥§ tan �,   ã£®« ­ ª«®­  ¡®«ìè®© ®á¨ ª®áï¬ ¨áå®¤­®© á¨áâ¥¬ë ª®®à¤¨­ â (x; y) ç¥à¥§ �. �® ¢â®à®¬ á¯®á®¡¥ ¨á-¯®«ì§ãîâáï ª¢ ¤à â¨ç­ë¥ ®â­®á¨â¥«ì­® ¯®«ï ¢¥«¨ç¨­ë | ¯ à ¬¥âàë�â®ªá .� ¬¥â¨¬, çâ® ¯«®áª ï ¬®­®åà®¬ â¨ç¥áª ï ¢®«­  ¢á¥£¤  ®¡« ¤ ¥â í«-«¨¯â¨ç¥áª®© ¯®«ïà¨§ æ¨¥©. �¤­ ª® â ª®¢ ï ï¢«ï¥âáï ¬ â¥¬ â¨ç¥áª®© ¡áâà ªæ¨¥©, ¢ë¤¥«ïîé¥© ­¥ªãî ª®¬¯®­¥­âã ¨§ \¯ ª¥â " ¢®«­. � ¤¥©-áâ¢¨â¥«ì­®áâ¨ ¢ à ¤¨® áâà®­®¬¨ç¥áª¨å ­ ¡«î¤¥­¨ïå ¬ë ¨¬¥¥¬ èã¬®-¢®© á¨£­ « á ¡®«¥¥ ¨«¨ ¬¥­¥¥ è¨à®ª¨¬ á¯¥ªâà®¬, ¨§ ª®â®à®£® ¯à¨¥¬­¨ª¨§«ãç¥­¨ï ¢ëà¥§ ¥â ¯®«®áã ç áâ®â �! (¢ ­¥ª®â®àëå á«ãç ïå íâ  ¯®«®á ®¯à¥¤¥«ï¥âáï ¬¥å ­¨§¬®¬ ¨§«ãç¥­¨ï ¨ ¬®¦¥â ¤ ¦¥ ®ª § âìáï ã¦¥ ¯®«®-áë ¯à¨¥¬ ). �ë¤¥«¥­­ë© â ª¨¬ ®¡à §®¬ á¨£­ « ¢¥¤¥â á¥¡ï ª ª ¬®­®åà®-¬ â¨ç¥áª¨© ­  ¬ áèâ ¡ å ¢à¥¬¥­¨ �t � �
�1. �  â ª¨å ¯à®¬¥¦ãâª å¢à¥¬¥­¨ ¢®«­  ¢®á¯à¨­¨¬ ¥âáï ª ª í««¨¯â¨ç¥áª¨ ¯®«ïà¨§®¢ ­­ ï. � 1



¡®«ìè¨å ¢à¥¬¥­­ëå ¨­â¥à¢ « å ®ª §ë¢ ¥âáï ¢®§¬®¦­ë¬ ¯à¥¤áâ ¢¨âì¨áá«¥¤ã¥¬®¥ ¨§«ãç¥­¨¥ ª ª áã¬¬ã ¤¢ãå ª®¬¯®­¥­â : í««¨¯â¨ç¥áª¨ ¯®-«ïà¨§®¢ ­­®© á á®åà ­ïîé¨¬¨áï ¯ à ¬¥âà ¬¨ í««¨¯á  ¨ ª®¬¯®­¥­âã áå ®â¨ç¥áª®© ¯®«ïà¨§ æ¨¥©.� àï¤ã á á¨áâ¥¬®© ª®®à¤¨­ â (x; y), ­ ¯à ¢«¥­¨¥ ®á¥© ª®â®à®© ®¡ëç-­® ®¯à¥¤¥«ï¥âáï  ¯¯ à âãà®©, ¨á¯®«ì§ã¥¬®© ¤«ï ¨§¬¥à¥­¨ï, ¡ã¤¥¬ à á-á¬ âà¨¢ âì á¨áâ¥¬ã (x0; y0), ¢ ª®â®à®© ­ ¯à ¢«¥­¨¥ ®á¥© á®¢¯ ¤ ¥â á ­ -¯à ¢«¥­¨¥¬ £« ¢­ëå ®á¥© í««¨¯á  ¯®«ïà¨§ æ¨¨.
�¨áã­®ª 2.1. �««¨¯á ¯®«ïà¨§ æ¨¨ ¨ á¨áâ¥¬ë ª®®à¤¨­ â ¢ ª àâ¨­­®©¯«®áª®áâ¨, â® ¥áâì ¯«®áª®áâ¨, ­®à¬ «ì­®© ª ­ ¯à ¢«¥­¨î ­  ­ ¡«î¤ â¥-«ï. �®«­  à á¯à®áâà ­ï¥âáï ¯® ­ ¯à ¢«¥­¨î ®á¨ z, ¯¥à¯¥­¤¨ªã«ïà­®¬ãª ¯«®áª®áâ¨ à¨áã­ª , ¢ áâ®à®­ã ª ­ ¬.� íâ®© á¨áâ¥¬¥ ª®®à¤¨­ â ª®¬¯®­¥­âë í«¥ªâà¨ç¥áª®£® ¯®«ï ¢®«­ë¨¬¥îâ ¢¨¤ : Ex0 = E� cos �ei!tEy0 = E� sin�ei(!t+�2 ) (2:1)�à®¬¥ â®£®, ­¥®¡å®¤¨¬® ãç¥áâì ª ª ¨­â¥­á¨¢­®áâì ¯®«ïà¨§®¢ ­­®©ª®¬¯®­¥­âë ¢®«­ë Ip, â ª ¨ ¤®«î í­¥à£¨¨ ¯®«ïà¨§®¢ ­­®£® ¨§«ãç¥­¨ïP ¢ ¥£® ¯®«­®© ¨­â¥­á¨¢­®áâ¨ I :Ip = jEx0j2 + jEy0j2P = IpI (2:2)�àã£®© è¨à®ª® ¨á¯®«ì§ã¥¬ë© á¯®á®¡ ®¯¨á ­¨ï á®áâ®ï­¨ï ¯®«ïà¨§ -æ¨¨ ¢®«­ë | íâ® ¯ à ¬¥âàë �â®ªá . �®¯ãáâ¨¬, çâ® í«¥ªâà®¬ £­¨â­®¥¯®«¥ ¨áá«¥¤ã¥¬®© ¢®«­ë ¬®¦¥â ¡ëâì ¯à¥¤áâ ¢«¥­® ¢ ¢¨¤¥ :Ex = jExje�i(!t��x)Ey = jEyje�i(!t��y) (2:3)2



�à¨ íâ®¬ ExE�y = ei(�x��y), ¨ ¯ à ¬¥âàë �â®ªá  ®¯à¥¤¥«ïîâáï ª ªI = ExE�x + EyE�y = jExj2 + jEyj2Q = ExE�x � EyE�y = jExj2 � jEyj2U = ExE�y + EyE�x = 2jExj � jEyj cos(�x � �y)iV = ExE�y � EyE�x = 2ijExj � jEyj sin(�x � �y): (2:4)�¥àâ  á¢¥àåã ®§­ ç ¥â ãáà¥¤­¥­¨¥ ¯® ¢à¥¬¥­¨ ; �x ¨ �y | ä §ë á®®â-¢¥âáâ¢ãîé¨å ¢®«­. �á¥ ¯ à ¬¥âàë �â®ªá  - ¢¥é¥áâ¢¥­­ë ç¨á« . � á«ã-ç ¥ ¬®­®åà®¬ â¨ç¥áª®© ¢®«­ë ¬ë ¨¬¥¥¬ ¤¥«® á ­¥¬¥­ïîé¥©áï ¢® ¢à¥-¬¥­¨ í««¨¯â¨ç¥áª®© ¯®«ïà¨§ æ¨¥©.�¤¥áì jExj; jEyj; �x; �y - ¯®áâ®ï­­ë¥ç¨á« . �§ (2.4) á«¥¤ã¥â, çâ® ¯ à ¬¥âàë �â®ªá  ¢ íâ®¬ á«ãç ¥ á¢ï§ ­ëá®®â­®è¥­¨¥¬ Q2 + U2 + V 2 = I2: (2:5)�â® á®®â­®è¥­¨¥ ¬®¦¥â á®åà ­ïâìáï ¢® ¢à¥¬¥­¨ ¨ ¤«ï ­¥¬®­®åà®¬ -â¨ç¥áª®© ¢®«­ë, ¥á«¨ ä®à¬  ¨ ­ ¯à ¢«¥­¨¥ ®á¥© í««¨¯á  ­¥ ¬¥­ïîâáï(¯à¨ ¢®§¬®¦­®¬ ¨§¬¥­¥­¨¨ ¨­â¥­á¨¢­®áâ¨). �®£¤  ¬ë £®¢®à¨¬, çâ® ¢®«-­  ¯®«­®áâìî ¯®«ïà¨§®¢ ­ . � ®¡é¥¬¦¥ á«ãç ¥ ¢¥«¨ç¨­ë jExj; jEyj; �x; �y§ ¢¨áïâ ®â¢à¥¬¥­¨ t. �®£¤  ãáà¥¤­¥­¨¥ ¯® ¢à¥¬¥­¨ ¯à ¢ëå ç áâ¥© ãà ¢-­¥­¨© (2.3) ¯à¨¢®¤¨â ª á®®â­®è¥­¨î :Q2 + U2 + V 2 � I2: (2:6)¨ ¢®«­  ­ §ë¢ ¥âáï ç áâ¨ç­® ¯®«ïà¨§®¢ ­­®© (¥á«¨ Q2 +U2 +V 2 < I2).� á«ãç ¥, ª®£¤  Q2 +U2 +V 2 = 0, ¬ë £®¢®à¨¬ ® ¯®«­®áâìî ­¥¯®«ïà¨§®-¢ ­­®© ¢®«­¥ (¨­ ç¥, ¢®«­¥ á å ®â¨ç¥áª®© ¯®«ïà¨§ æ¨¥©).� ª ç¥áâ¢¥ ¯à¨¬¥ç ­¨ï á«¥¤ã¥â ãª § âì, çâ® ­ àï¤ã á ¯ à ¬¥âà ¬¨�â®ªá  ¨á¯®«ì§ã¥âáï ¤àã£®© á¯®á®¡ ®¯¨á ­¨ï ¯®«ïà¨§ æ¨¨, â®¦¥ á ¯®-¬®éìî ¢¥«¨ç¨­, ª¢ ¤à â¨ç­ëå ®â­®á¨â¥«ì­® ¯®«ï ¢®«­ë, ¢¢®¤ï â¥­§®à¯®«ïà¨§ æ¨¨. �£® ª®¬¯®­¥­âë ®¯à¥¤¥«ïîâáï á«¥¤ãîé¨¬ ®¡à §®¬ :Jik = EiEk (i; k = x; y) (2:7)� ª ¨ ¢ á«ãç ¥ ¯ à ¬¥âà®¢ �â®ªá , ¥á«¨ â®«ìª® à¥çì ¨¤¥â ­¥ ® ¬®­®-åà®¬ â¨ç¥áª¨å ¢®«­ å, ¯à ¢ë¥ ç áâ¨ ¡¥àãâáï ãáà¥¤­¥­­ë¬¨ ¯® ¢à¥¬¥­¨.�®¬¯®­¥­âë J11 ¨ J22 ¯à¥¤áâ ¢«ïîâ ¨­â¥­á¨¢­®áâ¨ ¨§«ãç¥­¨ï á «¨­¥©-­ë¬¨ ¯®«ïà¨§ æ¨ï¬¨ ¢¤®«ì ®á¥© x ¨ y, ¢ â® ¢à¥¬ï ª ª J12 ¨ J21 ¢ ®¡é¥¬3



á«ãç ¥ ï¢«ïîâáï ª®¬¯«¥ªá­ë¬¨ ¢¥«¨ç¨­ ¬¨ ¨ ®âà ¦ îâ áâ¥¯¥­ì ª®£¥-à¥­â­®áâ¨ ¬¥¦¤ã ¤¢ã¬ï ãª § ­­ë¬¨ «¨­¥©­® ¯®«ïà¨§®¢ ­­ë¬¨ ¢®«­ -¬¨. �«ï ¯ àë ­¥ª®£¥à¥­â­ëå ¢®«­ ®­¨ ®¡à é îâáï ¢ ­ã«ì. �ç¥¢¨¤­®,çâ® ª®¬¯®­¥­âë â¥­§®à  ¯®«ïà¨§ æ¨¨ á¢ï§ ­ë á ¯ à ¬¥âà ¬¨ �â®ªá á«¥¤ãîé¨¬¨ ¯à®áâë¬¨ á®®â­®è¥­¨ï¬¨ :I = J11 + J22Q = J11 � J22U = J12 + J21iV = J12 � J21 (2:8)�«ï ãïá­¥­¨ï ä¨§¨ç¥áª®£® á¬ëá«  ¯ à ¬¥âà®¢ �â®ªá  ®¡à â¨¬áï ª�¨á.2.2, ­  ª®â®à®¬ ¤«ï ¨««îáâà æ¨¨ ¯à¥¤áâ ¢«¥­ë ­¥ª®â®àë¥ ç áâ­ë¥á«ãç ¨.

�¨áã­®ª 2.2. � à ªâ¥à ¯®«ïà¨§ æ¨¨ ¨§«ãç¥­¨ï ¨ á®®â¢¥âáâ¢ãîé¨¥¯ à ¬¥âàë �â®ªá  ¤«ï âà¥å ç áâ­ëå á«ãç ¥¢ : (a) | ¨§«ãç¥­¨¥ «¨­¥©­®¯®«ïà¨§®¢ ­® ¢¤®«ì ®á¨ x ; (b) | ¨§«ãç¥­¨¥ «¨­¥©­® ¯®«ïà¨§®¢ ­® ¯®¤ã£«®¬ 45� ª ®á¨ x ; (c) | ¨§«ãç¥­¨¥ ¯®«ïà¨§®¢ ­® ¯® ªàã£ã (¯à ¢ ïªàã£®¢ ï ¯®«ïà¨§ æ¨ï).
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2.2. �¢ï§ì ¤¢ãå á¯®á®¡®¢ ®¯¨á ­ï ¯®«ïà¨§ æ¨¨�â®¡ë ­ ©â¨ á¢ï§ì ®¡®¨å á¯®á®¡®¢ ®¯¨á ­¨ï ¯®«ïà¨§ æ¨¨ ¨á¯®«ì§ã-¥¬ ¯¥à¥å®¤ ¨§ ®¤­®© á¨áâ¥¬ë ª®®à¤¨­ â ¢ ¤àã£ãî, ¯®¢¥à­ãâãî ®â­®á¨-â¥«ì­® ¯¥à¢®© ­  ã£®« � (á¬. �¨á.1) ¨ ä®à¬ã«ã (2.1).Ex = E 0x cos�� E 0y sin� = E�(cos� � cos � � i � sin� � sin �)Ey = E 0x sin�+ E 0y cos� = E�(sin� � cos � + i � cos� � sin�) (2:9)�®¤áâ ¢«ïï íâ¨ ¢ëà ¦¥­¨ï ¢ ®¯à¥¤¥«¥­¨ï ¯ à ¬¥âà®¢ �â®ªá , ¯®«ã-ç ¥¬Ip = Ex � E�x + Ey � E�y =jE�j2(cos2� � cos2 � + sin2 � � sin2 � + sin2 � � cos2 � + cos2 � � sin2 �)Q = Ex �E�x � Ey � E�y =jE�j2(cos2� � cos2 � + sin2 � � sin2 � � sin2 � � cos2 � � cos2 � � sin2 �)U = Ex � E�y + Ey � E�x =jE�j22(cos� � sin� � cos2 � � cos� � sin� � sin2 �)iV = (Ex � E�y � Ey � E�x) =jE�j22(cos� � sin� � cos2 �+ cos � � sin � � sin2 �) (2:10)�®á«¥ ¯à®áâëå âà¨£®­®¬¥âà¨ç¥áª¨å ¯à¥®¡à §®¢ ­¨© ¨¬¥¥¬ :Ip = jE�j2Q = jE�j2 cos 2� � cos 2�U = jE�j2 cos 2� � sin 2�V = jE�j2 sin(2�) (2:11)�®, ãç¨âë¢ ï, çâ® Ip = P � I, ¬®¦¥¬ § ¯¨á âì (2.10) ¢ ¢¨¤¥ :I = IQ = P � I � cos 2� � cos 2�U = P � I � cos 2� � sin 2�V = P � I � sin(2�) (2:12)�â¨ ä®à¬ã«ë ¯®§¢®«ïîâ ¢ëç¨á«¨âì ¯ à ¬¥âàë �â®ªá , ¥á«¨ ¨­-â¥­á¨¢­®áâì ¨ á®áâ®ï­¨¥ ¯®«ïà¨§ æ¨¨ ¨§«ãç¥­¨ï § ¤ ­ë ¢¥«¨ç¨­ ¬¨5



I; P; tan�; �. � ¬¥â¨¬, çâ® Ip = pQ2 + U2 + V 2 ¥áâì ¨­â¥­á¨¢­®áâì ¯®-«ïà¨§®¢ ­­®© ª®¬¯®­¥­âë. �§ ä®à¬ã« (2.8) «¥£ª® ­ ©â¨ ¨ ®¡à â­ë¥ ¯à¥-®¡à §®¢ ­¨ï, ¯®§¢®«ïîé¨¥ ¯¥à¥©â¨ ®â ¯ à ¬¥âà®¢ �â®ªá  ª ¯ à ¬¥âà ¬I; P; tan�; � : I = IP = pQ2+U2+V 2Itan 2� = VpQ2+U2tan 2� = UQ (2:13)� à ¬¥âàë �â®ªá , ª ª ¢¨¤¨¬ ¨§ ¨å ®¯à¥¤¥«¥­¨ï (2.4), ï¢«ïîâáï ¢¥-«¨ç¨­ ¬¨, ª¢ ¤à â¨ç­ë¬¨ ®â­®á¨â¥«ì­® ¯®«ï ¢®«­ë. �¬¥­­® íâ® ®¯à¥-¤¥«ï¥â è¨à®ªãî ®¡« áâì ¨å ¨á¯®«ì§®¢ ­¨ï. �®-¯¥à¢ëå (¯à¨ á®®â¢¥â-áâ¢ãîé¥¬ ãáà¥¤­¥­¨¨ ¯® ¢à¥¬¥­¨) ®­¨ ®ª §ë¢ îâáï  ¤¨â¨¢­ë¬¨ ¤«ïí­¥à£¨¨ ¯®â®ª®¢, ¨¤ãé¨å ®â ­¥§ ¢¨á¨¬ëå ¨áâ®ç­¨ª®¢ ¨§«ãç¥­¨ï, ¯®-áª®«ìªã ä §ë ª®«¥¡ ­¨ï ¯®«ï â ª¨å ¨§«ãç â¥«¥© ä«îªâã¨àãîâ ­¥§ -¢¨á¨¬®. �â® ¢ ¦­®¥ ®¡áâ®ïâ¥«ìáâ¢® ¯®§¢®«ï¥â, ¢ ç áâ­®áâ¨, ­ ¯¨á âì¤«ï ¯ à ¬¥âà®¢ �â®ªá  ãà ¢­¥­¨ï ¯¥à¥­®á  ¨§«ãç¥­¨ï, ¯®áª®«ìªã ¯®-á«¥¤­¨¥ áã¬¬¨àãîâ í­¥à£¨î ®â ¨áâ®ç­¨ª®¢, à á¯®«®¦¥­­ëå ¢¤®«ì «ãç §à¥­¨ï. �®-¢â®àëå, â ª ª ª ¢ à ¤¨®¬¥âà¨ç¥áª®©  ¯¯ à âãà¥ ¨á¯®«ì§ã¥â-áï ®¡ëç­® ª¢ ¤à â¨ç­®¥ ¤¥â¥ªâ¨à®¢ ­¨¥, ¢ à ¤¨®¯®«ïà¨¬¥âà å ¬ë, ª ª¯à ¢¨«®, à¥£¨áâà¨àã¥¬ ­  ¢ëå®¤¥ ¯ à ¬¥âàë �â®ªá , «¨¡® ¨å «¨­¥©­ë¥ª®¬¡¨­ æ¨¨.� å ®â¨ç¥áª¨ ¯®«ïà¨§®¢ ­­®¬ ¨§«ãç¥­¨¨ ­¨ ®¤¨­ â¨¯ ¯®«ïà¨§ æ¨¨­¥ ¨¬¥¥â ¯à¥¨¬ãé¥áâ¢¥­­®£® §­ ç¥­¨ï. � â ª®© ¢®«­¥ ¨­â¥­á¨¢­®áâìª®¬¯®­¥­â ¢®«­ë á «¨­¥©­®© ¯®«ïà¨§ æ¨¥© ¯® ­ ¯à ¢«¥­¨ï¬ ®á¥© x ¨y ¢ áà¥¤­¥¬ ®¤­  ¨ â  ¦¥, â® ¥áâì jExj2 = jEyj2, áâ «® ¡ëâì Q = 0 (á¬.ä®à¬ã«ë (2.4)). � â® ¦¥ ¢à¥¬ï, «î¡ë¥ ¤¢¥ ¢®«­ë, ¨¬¥îé¨¥ ¢§ ¨¬­® ®à-â®£®­ «ì­ë¥ ¯®«ïà¨§ æ¨¨, ï¢«ïîâáï ¢®«­ ¬¨ á ­¥§ ¢¨á¨¬ë¬¨ ä § ¬¨¨, á«¥¤®¢ â¥«ì­®, ExE�y = 0. � ª¨¬ ®¡à §®¬, ¬ë â ª¦¥ ¨¬¥¥¬ U = V = 0.�®«­ã á â ª¨¬¨ ¯ à ¬¥âà ¬¨ ¬ë â ª¦¥ ­ §ë¢ ¥¬ ­¥¯®«ïà¨§®¢ ­­®©.�®áª®«ìªã ¯ à ¬¥âàë �â®ªá   ¤¨â¨¢­ë ¤«ï ­¥§ ¢¨á¨¬ëå ¢®«­®¢ëå¯®â®ª®¢, ¢®«­ã á ¯à®¨§¢®«ì­®© ¯®«ïà¨§ æ¨¥© ¬®¦­® ¯à¥¤áâ ¢¨âì ª ªáã¬¬ã ¤¢ãå ­¥§ ¢¨á¨¬ëå ¢®«­ : ®¤­ã ¯®«­®áâìî ¯®«ïà¨§®¢ ­­ãî á ¨­-â¥­á¨¢­®áâìî Ip = pQ2 + U2 + V 2 ¨ ¢â®àãî | ­¥¯®«ïà¨§®¢ ­­ãî, ¤«ïª®â®à®© eQ = ~U = eV = 0,   eI = I�Ip ; ¯à¨ íâ®¬ áâ¥¯¥­ì ¯®«ïà¨§ æ¨¨ ¥áâìP = Ip=I. �®£¤  ¬ë £®¢®à¨¬ ® ¯®«ïà¨§®¢ ­­®© ª®¬¯®­¥­â¥, â® ¨¬¥¥¬ ¢¢¨¤ã ¯¥à¢ãî á®áâ ¢«ïîéãî. 6



2.3. �¡®¡é¥­­ë¥ ¯ à ¬¥âàë �â®ªá �¯à¥¤¥«¥­¨¥ : �¢¥ í««¨¯â¨ç¥áª¨ ¯®«ïà¨§®¢ ­­ë¥ ¢®«­ë ¨¬¥îâ ¢§ -¨¬­® ®àâ®£®­ «ì­ë¥ ¯®«ïà¨§ æ¨¨, ¥á«¨ ¢ë¯®«­ïîâáï á«¥¤ãîé¨¥ á®®â-­®è¥­¨ï :| (a) �®«ìè¨¥ ®á¨ í««¨¯á®¢ ¢§ ¨¬­® ¯¥à¯¥­¤¨ªã«ïà­ë.| (b) �â­®è¥­¨¥ ¬¥­ìè¥© ®á¨ í««¨¯á  ª ¡®«ìè¥© ®¤¨­ ª®¢® ¤«ï ®¡®¨åí««¨¯á®¢.| (c) � ¯à ¢«¥­¨¥ ¢à é¥­¨ï ¢¥ªâ®à  í««¥ªâà¨ç¥áª®£® ¯®«ï ¢ ¤¢ãå ¢®«-­ å ¯à®â¨¢®¯®«®¦­®.�¡®§­ ç¨¢ ¨­¤¥ªáë ¤¢ãå ¢§ ¨¬­® ®àâ®£®­ «ì­ëå ¢®«­ ç¥à¥§ 1 ¨ 2,¬ë ¬®¦¥¬ íâ¨ ãá«®¢¨ï ä®à¬ «ì­® § ¯¨á âì á«¥¤ãîé¨¬ ®¡à §®¬ :�2 = �1 + �2 (2:14)�¤¥áì ¯®¤ � ¯®¤à §ã¬¥¢ ¥âáï ã£®« ­ ¯à ¢«¥­¨ï ¡®«ìè®© ®á¨ í««¨¯á ¯®«ïà¨§ æ¨¨ ®â­®á¨â¥«ì­® ®á¨ x. �á¯®«ì§ãï ®¡®§­ ç¥­¨¥ i tan� = ExEy ,¬ë ¬®¦¥¬ ­ ¯¨á âì �2 = �1 + �2 (2:15)¨«¨ tan�1 � tan�2 = �1 (2:16)�­ ª ¬¨­ãá  ¢ ¯®á«¥¤­¥¬ á®®â­®è¥­¨¨ ãç¨âë¢ ¥â ä®à¬ «ì­® à §-«¨ç¨¥ ­ ¯à ¢«¥­¨© ¢à é¥­¨ï ¢¥ªâ®à®¢ ¢®«­ë ¢ ª àâ¨­­®© ¯«®áª®áâ¨.�«ï ¯ à ¬¥âà®¢ �â®ªá  ¢§ ¨¬­® ®àâ®£®­ «ì­ëå ¢®«­ ¨¬¥îâ ¬¥áâ® á®-®â­®è¥­¨ï Q1Q2 = U1U2 = V1V2 < 0: (2:17)ª®â®àë¥ á«¥¤ãîâ ¨§ ®¯à¥¤¥«¥­¨© (2.4) ¨ á®®â­®è¥­¨© (2.9), (2.10). �á«¨,¢ ç áâ­®áâ¨, ª ª®©-«¨¡® ¨§ ¯ à ¬¥âà®¢ ®¤­®© ¢®«­ë à ¢¥­ ­ã«î, â® á®-®â¢¥âáâ¢ãîé¨© ¯ à ¬¥âà ¢§ ¨¬­® ®àâ®£®­ «ì­®© ¢®«­ë | â®¦¥ ­ã«ì.� à áá¬®âà¥­­ëå ¢ëè¥ ¯ à ¬¥âà å �â®ªá  ¬ë ¯®«ì§®¢ «¨áì à §-«®¦¥­¨¥¬ í«¥ªâà®¬ £­¨â­®© ¢®«­ë ­  ¤¢¥ á®áâ ¢«ïîé¨¥, ®¡« ¤ îé¨¥«¨­¥©­®© ¯®«ïà¨§ æ¨¥© ¢ ­ ¯à ¢«¥­¨ïå ®á¥© ­¥ª®© ®àâ®£®­ «ì­®© (¢ë-¡à ­­®© ¯à®¨§¢®«ì­ë¬ ®¡à §®¬) á¨áâ¥¬ë ª®®à¤¨­ â ¢ ª àâ¨­­®© ¯«®á-ª®áâ¨. �àâë íâ®© á¨áâ¥¬ë ¬ë ¯à¥¤áâ ¢«ï«¨ ª ª ¥¤¨­¨ç­ë¥ ¢¥ªâ®àë,7



­ ¯à ¢«¥­­ë¥ ¢¤®«ì á®®â¢¥âáâ¢ãîé¨å ¢§ ¨¬­® ¯¥à¯¥­¤¨ªã«ïà­ëå ®á¥©.�¬, ¥áâ¥áâ¢¥­­®, ¬ë ¬®¦¥¬ ®¤­®§­ ç­® á®¯®áâ ¢¨âì ¤¢¥ ¢®«­ë ¥¤¨­¨ç-­®© ¨­â¥­á¨¢­®áâ¨ á «¨­¥©­ë¬¨ ¢§ ¨¬­® ®àâ®£®­ «ì­ë¬¨ ¯®«ïà¨§ æ¨-ï¬¨, ¯® ª®â®àë¬ ¨ ¨¤¥â à §«®¦¥­¨¥  ­ «¨§¨àã¥¬®© ¢®«­ë. � ª¨¬ ®¡à -§®¬, ¬ë ¨á¯®«ì§®¢ «¨ à §«®¦¥­¨¥ ¯®«ï ¢®«­ë ¢ ¢¨¤¥ :~E = Ex ~ex + Ey ~ey (2:18)� à ¢­®© áâ¥¯¥­¨ ¬®¦­® ¯à®¨§¢¥áâ¨ à §«®¦¥­¨¥ ¯®«ï ¢®«­ë E ¯®¤¢ã¬ ¤àã£¨¬ ¢ë¡à ­­ë¬ ¯à®¨§¢®«ì­ë¬ ¢§ ¨¬­® ®àâ®£®­ «ì­ë¬ í««¨-¯â¨ç¥áª¨¬ ¯®«ïà¨§ æ¨ï¬, ®¯à¥¤¥«ï¥¬ë¬ ª®¬¯«¥ªá­ë¬¨ ¥¤¨­¨ç­ë¬¨¢¥ªâ®à ¬¨ ~e1 ¨ ~e2 : ~E = E1~e1 + E2~e2; (2:19)£¤¥ ¤«ï ª®¬¯«¥ªá­ëå ®àâ®¢ ~e1 ¨ ~e2 ¨¬¥îâ ¬¥áâ® á®®â­®è¥­¨ï :~e1 � ~e�1 = 1~e2 � ~e�2 = 1~e1 � ~e�2 = 0~e2 � ~e�1 = 0 (2:20)�¤¥áì ¯¥à¢ë¥ ¤¢  à ¢¥­áâ¢  ®¯à¥¤¥«ïîâ ¥¤¨­¨ç­ãî ¨­â¥­á¨¢­®áâì®àâ,   ¯®á«¥¤­¨¥ ¤¢  á®¢¯ ¤ îâ ¨ ®¯à¥¤¥«ïîâ ¨å ¢§ ¨¬­ãî ®àâ®£®­ «ì-­®áâì. �§ ¨¬­ ï ®àâ®£®­ «ì­®áâì à §«®¦¥­¨ï ®¡¥á¯¥ç¨¢ ¥â  ¤¨â¨¢­®áâì¯ à ¬âà®¢ �â®ªá  ¤«ï ¢®«­, ¯®«ãç ¥á¬ëå ¯à¨ à §«®¦¥­¨¨. � ç áâ­®áâ¨,I1 + I2 = I. �¥¯¥àì, ¯®  ­ «®£¨¨ á ®¯à¥¤¥«¥­¨¥¬ (2.4), ¬ë ¢¢¥¤ñ¬ ¢ à á-á¬®âà¥­¨¥ �¡®¡éñ­ë¥ ¯ à ¬¥âàë �â®ªá  :S1 = E1E�1 + E2E�2S2 = E1E�1 � E2E�2S3 = E1E�2 + E2E�1S4 = i(E1E�2 � E2E�1 (2:21)
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�¨áã­®ª 2.3. �àâë á® ¢§ ¨¬­® ®àâ®£®­ «ì­ë¬¨ ¯®«ïà¨§ æ¨ï¬¨� ª ¦¥ ª ª ¨ à ­¥¥. ­ àï¤ã á ®¡®¡é¥­­ë¬¨ ¯ à ¬¥âà ¬¨ �â®ªá ¬®¦­® à áá¬ âà¨¢ âì ®¡®¡é¥­­ãî ¬ âà¨æã ¯®«ïà¨§ æ¨¨ (â¥­§®à ¯®«ï-à¨§ æ¨¨) : S11 = E1E�1S22 = E2E�2S12 = E1E�2S21 = E2E�1 (2:22)�à¨ íâ®¬ á®®â­®è¥­¨¥ ¬¥¦¤ã í«¥¬¥­â ¬¨ ¬ âà¨æë ¯®«ïà¨§ æ¨¨ ¨¯ à ¬¥âà ¬¨ �â®ªá  ¨¬¥¥â ¢¨¤ (áà ¢­¨ á (2.5)) :S1 = S11 + S22S2 = S11 � S22S3 = S12 + S21iS4 = S12 � S21 (2:23)�¥à¢ë¥ ¤¢¥ ¢¥«¨ç¨­ë ¢ (2.18) ®¯à¥¤¥«ïîâ ¨­â¥­á¨¢­®áâì ¤¢ãå ¢®«­­ è¥£® à §«®¦¥­¨ï : I1 = S1 ¨ I2 = S2,   ¢â®àë¥ ¤¢  | áâ¥¯¥­ì ª®£¥-à¥­â­®áâ¨ ¬¥¦¤ã ­¨¬¨. � á®®â­®è¥­¨ïå (2.19) ¯¥à¢ë¥ ¯ à ¬¥âàë ¥áâìá®®â¢¥âáâ¢¥­­® ¯®«­ ï (áã¬¬ à­ ï 1 = I) ¨­â¥­á¨¢­®áâì ¢®«­ë ¨ à §-­®áâì ¨­â¥­á¨¢­®áâ¥© ¢®«­ à §«®¦¥­¨ï (S2).�á¯®«ì§®¢ ­¨¥ ®¡®¡é¥­­ëå ¯ à ¬¥âà®¢ �â®ªá  ¢¬¥áâ® ®¡ëç­ëå, «¨-­¥©­ëå ®ª §ë¢ ¥âáï ¢¥áì¬  ¯à®¤ãªâ¨¢­ë¬ ¬¥â®¤®¬, ã¯à®é îé¨¬ ¢ë-ç¨á«¥­¨ï ¨ ®¡¥á¯¥ç¨¢ îé¨¬ ­ £«ï¤­®áâì ¢ ®¯¨á ­¨¨ ä¨§¨ç¥áª¨å ¯à®-æ¥áá®¢, ª®£¤  ¬ë ¨¬¥¥¬ ¤¥«® á à á¯à®áâà ­¥­¨¥¬ â¨¯®¢ ¢®«­, ¯®«ïà¨-§ æ¨ï ª®â®àëå ®¯à¥¤¥«ï¥âáï ¯ à ¬¥âà ¬¨ áà¥¤ë (¯« §¬ë� ¯à¨¬¥à, ¢®¤­®© ¨§ ¡«¨¦ ©è¨å «¥ªæ¨© (á¬. �¥ªæ¨î 4) ¬ë ã¢¨¤¨¬, çâ® ¢ ª®á¬¨ç¥-áª®© ¯« §¬¥ á® á« ¡ë¬ ¬ £­¨â­ë¬ ¯®«¥¬ ¬®£ãâ à á¯à®áâà ­ïâìáï ¤¢¥¢®«­ë á ¯à®â¨¢®¯®«®¦­ë¬¨ ¯® §­ ªã ªàã£®¢ë¬¨ ¯®«ïà¨§ æ¨ï¬¨ (íâ¨â¨¯ë ¢®«­ ­ §ë¢ îâáï ­®à¬ «ì­ë¬¨ | ®¡ëª­®¢¥­­ ï ¨ ­¥®¡ëª­®¢¥­-­ ï). � íâ®¬ á«ãç ¥ ¤«ï ®àâ®¢, ¯® ª®â®àë¬ ¬ë à §« £ ¥¬ ¨áá«¥¤ã¥¬®¥¨§«ãç¥­¨¥, ¥áâ¥áâ¢¥­­® ¢§ïâì ¢¥ªâ®à  c ª®¬¯«¥ªá­ë¬¨ ª®¬¯®­¥­â ¬¨ ,®¯¨áë¢ îé¨¬¨ ªàã£®¢ãî ¯®«ïà¨§ æ¨î :~e1 = p22 (~ex + i~ey)~e1 = p22 (~ex � i~ey) (2:24)9



�®£¤  á¢ï§ì á ®¡ëç­ë¬¨ ¯ à ¬¥âà ¬¨ �â®ªá  ®ª §ë¢ ¥âáï â ª®© :S1 = IS2 = VS3 = US4 = Q (2:25)�à¨ íâ®¬, ¥á«¨ ­®à¬ «ì­ë¥ ¢®«­ë ­¥ª®£¥à¥­â­ë, â® í««¨¯â¨ç­®áâì ®â-áãâáâ¢ã¥â (S3 = S4 = Q = U = 0).� ¬¥â¨¬, ­ ª®­¥æ, çâ® ¬ë ¢áî¤ã ¢ëè¥ ¢ ®¯à¥¤¥«¥­¨ïå ¯ à ¬¥âà®¢¯®«ïà¨§ æ¨¨ ®£à ­¨ç¨¢ «¨áì ¢ª«îç¥­¨¥¬ ¢ ä®à¬ã«ë á®¡áâ¢¥­­® í«¥ª-âà¨ç¥áª¨å ¯®«¥© ¢®«­ë, ­¥ § ¡®âïáì ® ¤¥©áâ¢¨â¥«ì­®© à §¬¥à­®áâ¨ ¢¢®-¤¨¬ëå ¢¥«¨ç¨­. �¤­ ª® ¯à¨ ¨å ¨á¯®«ì§®¢ ­¨¨ ®­¨ ¬®£ãâ ¨¬¥âì à §«¨ç-­ãî à §¬¥à­®áâì, ¢ § ¢¨á¨¬®áâ¨ ®â à¥è ¥¬®© § ¤ ç¨. � ª ¯®â®ª í«¥ª-âà®¬ £­¨â­®© ¢®«­ë ®¯à¥¤¥«ï¥âáï ¢¥«¨ç¨­®© ¢¥ªâ®à  �®©­â¨­£ ~S = c4�E2~n: (2:26)�â «® ¡ëâì, ¯à¨ à ¡®â¥ á ¯®â®ª ¬¨ ¬ë ª ¯ à ¬¥âà ¬ �â®ªá  ¤®¡ ¢«ï¥¬¬­®¦¨â¥«ì c4� . �à¨ à ¡®â¥ á ¨­â¥­á¨¢­®áâï¬¨ ­ ¬ ¯à¨¤¥âáï ¥é¥ ¤®¡ -¢¨âì ¬­®¦¨â¥«ì R2, £¤¥ R - à ááâ®ï­¨¥ ¨áâ®ç­¨ª  ¨§«ãç¥­¨ï ¤® ­ ¡«î-¤ â¥«ï ¨ â.¤.� áâ® ¢ à ¤¨® áâà®­®¬¨¨ ¬ë ¨á¯®«ì§ã¥¬ ¢ ª ç¥áâ¢¥ ¨­â¥­á¨¢­®áâ¨ïàª®áâ­ë¥ â¥¬¯¥à âãàë. �à¨ íâ®¬ ¡ë¢ ¥â ã¤®¡­® ®¯à¥¤¥«ïâìI = TRb + TLb2 (2:27)¨ ¢ á«ãç ¥ ªàã£®¢®© ¯®«ïà¨§ æ¨¨V = TRb � TLb2 : (2:28)�®£¤  áâ¥¯¥­ì ¯®«ïà¨§ æ¨¨ P = IV , ®¤­ ª® ïàª®áâ­ë¥ â¥¬¯¥à âãàë¢ ¯®â®ª å «¥¢®© ¨ ¯à®¢®© ¯®«ïà¨§ æ¨¨ ­ å®¤ïâáï áã¬¬¨à®¢ ­¨¥¬.TRb = I + VTLb = I � V (2:29)�â® ®§­ ç ¥â, ¢ ç áâ­®áâ¨, çâ® ­  à ¤¨®¨§®¡à ¦¥­¨¨ ¨áâ®ç­¨ª  á®100% ¯®«ïà¨§ æ¨¥© ­  ª àâ¥ V ¥£® ïàª®áâ­ ï â¥¬¯¥à âãà  ¡ã¤¥â § ­¨-¦¥­  ¢ ¤¢  à § . 10



��������� ������������ ���������������¥ªæ¨ï 3�¥¬  : ��������������� ��������� � ������� ®â«¨ç¨¥ ®â ¡®«ìè¨­áâ¢  § ¤ ç ®¯â¨ç¥áª®©  áâà®ä¨§¨ª¨ ¯à¨ ¨­â¥à-¯à¥â æ¨¨ à ¤¨® áâà®­®¬¨ç¥áª¨å ­ ¡«î¤¥­¨© ç áâ® ­¥®¡å®¤¨¬® ãç¨âë-¢ âì ®â«¨ç­®£® ®â ¥¤¨­¨æë ª®íää¨æ¨¥­â  ¯à¥«®¬«¥­¨ï ¯à¨ à á¯à®áâà -­¥­¨¨ à ¤¨®¢®«­ ¢ ¯« §¬¥.�à¨ íâ®¬ ®âªàë¢ îâáï ­®¢ë¥ ¢®§¬®¦­®áâ¨¤¨ £­®áâ¨ª¨ ª®á¬¨ç¥áª®© ¯« §¬ë ; ®á®¡¥­­® íâ® ª á ¥âáï ¯®«ïà¨§ æ¨-®­­ëå ¨§¬¥à¥­¨© ¨  ­ «¨§  ¬ £­¨â­ëå ¯®«¥© ¢ ª®á¬¨ç¥áª¨å ®¡ê¥ªâ å,ª®£¤  ¬ë ¨¬¥¥¬ ¤¥«® á â ª ­ §ë¢ ¥¬®©  ­¨§®âà®¯­®© ¯« §¬®©.�®¤®¡­® ¤àã£¨¬ ®¡« áâï¬ â¥®à¥â¨ç¥áª®©  áâà®ä¨§¨ª¨ ¨­â¥à¯à¥â -æ¨ï à ¤¨® áâà®­®¬¨ç¥áª¨å ­ ¡«î¤¥­¨© ¡ §¨àã¥âáï ­  à¥è¥­¨¨ ãà ¢­¥-­¨ï ¯¥à¥­®á  ¨§«ãç¥­¨ï. �¤­ ª® ¢ à ¤¨® áâà®­®¬¨¨ ¯à¨ íâ®¬ ¯à¨å®¤¨â-áï ¨¬¥âì ¤¥«® á àï¤®¬ ¯à®¡«¥¬, á ª®â®àë¬¨ ¬ë ¯à ªâ¨ç¥áª¨ ­¥ ¢áâà¥-ç ¥¬áï ¢ ¤àã£¨å ¤¨ ¯ §®­ å ¢®«­, £¤¥ á®¡áâ¢¥­­® ¯« §¬¥­­ë¥ ï¢«¥­¨ï­¥ ¯à®ï¢«ïîâáï áâ®«ì ®âç¥â«¨¢®.�à¥¦¤¥ ¢á¥£® á«¥¤ã¥â ®â¬¥â¨âì, çâ® ãà ¢­¥­¨ï ¯¥à¥­®á  ¡ §¨àãîâ-áï ­  ¨á¯®«ì§®¢ ­¨¨ ¯à¨¡«¨¦¥­¨ï £¥®¬¥âà¨ç¥áª®© ®¯â¨ª¨, ª®â®à®¥ ­¥¢á¥£¤  á¯à ¢¥¤«¨¢® ¢ ª®á¬¨ç¥áª®© ¯« §¬¥. � àãè¥­¨¥ ¯à¨¡«¨¦¥­¨ï £¥®-¬¥âà¨ç¥áª®© ®¯â¨ª¨, ¢ ç áâ­®áâ¨, ¯à¨¢®¤¨â ª ¢§ ¨¬®¤¥©áâ¢¨î ¢®«­ à §-«¨ç­ëå ¬®¤, çâ® ®á®¡¥­­® áãé¥áâ¢¥­­® ¤«ï ¨­â¥à¯à¥â æ¨¨ ¯®«ïà¨§ æ¨-®­­ëå ­ ¡«î¤¥­¨©. �® ¨ ¢ á«ãç ¥, ª®£¤  ¯à¨¡«¨¦¥­¨¥ £¥®¬¥âà¨ç¥áª®©®¯â¨ª¨ à ¡®â ¥â ¤®áâ â®ç­® å®à®è®, ¯à¨ ¨­â¥à¯à¥â æ¨¨ à ¤¨® áâà®­®-¬¨ç¥áª¨å ¤ ­­ëå ç áâ® ¯à¨å®¤¨âáï ãç¨âë¢ âì ®â«¨ç¨¥ ª®íää¨æ¨¥­â ¯à¥«®¬«¥­¨ï ®â ¥¤¨­¨æë. � ª ï á¨âã æ¨ï ¢áâà¥ç ¥âáï, ¯à¥¦¤¥ ¢á¥£®,¯à¨  ­ «¨§¥ ¯®«ïà¨§ æ¨®­­ëå ­ ¡«î¤¥­¨©, ­ ¯à¨¬¥à, ¯à¨ ¨áá«¥¤®¢ -­¨¨ ä à ¤¥¥¢áª®£® ¢à é¥­¨ï ¯«®áª®áâ¨ ¯®«ïà¨§ æ¨¨, ¤ îé¥£® ¢ ¦­ë©¬¥â®¤ ¨§¬¥à¥­¨ï ¬ £­¨â­ëå ¯®«¥© ¢ ª®á¬®á¥.�âª«®­¥­¨¥ ª®íää¨æ¨¥­â  ¯à¥«®¬«¥­¨ï ®â ¥¤¨­¨æë ¬®¦¥â ¡ëâì áã-é¥áâ¢¥­­® ¨ ¯à¨  ­ «¨§¥ à ¤¨®¨§«ãç¥­¨ï ¨§®âà®¯­®© ¯« §¬ë. �â®, ¯à¥-¦¤¥ ¢á¥£®, ª á ¥âáï à á¯à®áâà ­¥­¨ï à ¤¨®¢®«­ ¢  â¬®áä¥à å §¢ñ§¤, ª®-£¤  ¯« §¬  ¨¬¥¥â ¤®áâ â®ç­® ¢ëá®ªãî ¯«®â­®áâì, â ªãî, â ª çâ® ­¥®¡-å®¤¨¬® ãç¨âë¢ âì, çâ® n < 1 ¨ ¤ ¦¥ ¢®§¬®¦¥­ á«ãç ©, ª®£¤  n2 < 0.�à¨ íâ®¬ ¯à®ï¢«ï¥âáï àï¤ íää¥ªâ®¢, ª®â®àë¥ ¯à¨å®¤¨âáï ¯à¨­¨¬ âì¢® ¢­¨¬ ­¨¥ ¯à¨ à §à ¡®âª¥ â¥®à¨¨ ¨§«ãç¥­¨ï â ª¨å ®¡ê¥ªâ®¢.1



�ë ­ ç­¥¬ á ¢ë¢®¤  ¢ëà ¦¥­¨© ¤«ï ª®íää¨æ¨¥­â®¢ ¯à¥«®¬«¥­¨ïí«¥ªâà®¬ £­¨â­®© ¢®«­ë, á­ ç «  ¤«ï á«ãç ï ¨§®âà®¯­®©,   ¯®â®¬ ¨ ­¨§®âà®¯­®© ¯« §¬ë.3.1 �§®âà®¯­ ï ¯« §¬ � á¯à®áâà ­¥­¨¥ í«¥ªâà®¬ £­¨â­®© ¢®«­ë ¢ ¯« §¬¥ ®¯¨áë¢ ¥âáï à¥-è¥­¨¥¬ ãà ¢­¥­¨© � ªá¢¥««  ¤«ï ¬ £­¨â­®£® ¯®«ï ~B ¨ í«¥ªâ¨ç¥áª®£®¯®«ï ~E ¢®«­ë. div ~B = 0rot ~E = �1c @ ~B@t (3:1)div ~D = 0rot ~B = 1c @ ~D@t (3:2)�¥ªâ®à ~D §¤¥áì ãç¨âë¢ ¥â á¬¥é¥­¨ï § àï¤®¢, ¢ë§¢ ­­ë¥ ¢«¨ï­¨¥¬í«¥ªâà¨ç¥áª®£® ¯®«ï ¢®«­ë ­  ¯« §¬ã. �â®â ãç¥â ¤¥« ¥âáï ¯ãâ¥¬ ¢¢¥-¤¥­¨ï ¢¥ªâ®à  ¯®«ïà¨§ æ¨¨ ~P :~D = ~E + 4� ~P ; (3:3)£¤¥ ~P = X(¥¤.®¡.)Ze~r � �Nee � ~r: (3:4)�¤¥áì Z § àï¤®¢®¥ ç¨á«®, ~r | ¢¥ªâ®à á¬¥é¥­¨ï § àï¦¥­­®© ç áâ¨æë ®â¯®«®¦¥­¨ï à ¢­®¢¥á¨ï (ª®â®à®¥ ®­  § ­¨¬ «  ¡ë ¯à¨ ®âáãâáâ¢¨¨ ¯®«ï¢®«­ë) ¨ Ne | í«¥ªâà®­­ ï ª®­æ¥­âà æ¨ï. � ¯à ¢®© ç áâ¨ ¬ë ¯à¥­¥¡à¥-£«¨ à®«ìî ª®«¥¡ ­¨© ©®­®¢ ¢ ¯®«¥ ¢®«­ë, ¯®áª®«ìªã ¨å ¬ áá  áà ¢­¨-â¥«ì­® ¢¥«¨ª  ¨, á®®â¢¥âá¢¥­­®, ¨å á¬¥é¥­¨¥, ¢ë§¢ ­­®¥ ¯®«¥¬ ¢®«­ë,­  ­¥áª®«ìª® ¯®àï¤ª®¢ ¬¥­ìè¥.�ë ¡ã¤¥¬, ª ª ®¡ëç­® ¯à¨ ¯®¨áª å ¤¨á¯¥àá¨®­­®£® á®®â­®è¥­¨ï,à áá¬ âà¨¢ âì à á¯à®áâà ­¥­¨¥ ¯«®áª®© ¬®­®åà®¬ â¨ç¥áª®© ¢®«­ë ¢®¤­®à®¤­®© áà¥¤¥. ~E; ~B / e�i!t+i~k�~r; (3:5)£¤¥ ! - ç áâ®â  ¢®«­ë, ~k - ¢®«­®¢®© ¢¥ªâ®à.� ­ ç «¥ ®£à ­¨ç¨¬áï ¨§®-âà®¯­®© ¯« §¬®© (ãç¥â ¢«¨ï­¨ï ¢­¥è­¥£® ¬ £­¨â­®£® ¯®«ï ¨áá«¥¤ã¥¬ ¢á«¥¤ãîé¥¬ à §¤¥«¥). 2



� â ª®¬ á«ãç ¥ ãà ¢­¥­¨ï (3.1) ¨ (3.2) ¯à¨­¨¬ îâ ¢¨¤ :~k � ~B = 0~k � ~E = !c ~B~k � ~D = 0~k � ~B = �!c ~D (3:6)� §®¢ ï áª®à®áâì, ¯® ®¯à¥¤¥«¥­¨î, ¥áâì vph � !k ¨ ª®íää¨æ¨¥­â ¯à¥«®-¬«¥­¨ï n � cvph = kc! (3:7)�§ ãà ¢­¥­¨ï (3.6) ¬ë ¯®«ãç ¥¬~D = � c!~k � ~B = � c2!2 [~k[~k � ~E]] == � c2!2 [~k(k � ~E)� ~E(~k � ~k)] == � c2!2 [k2 ~EL � k2 ~E] = c2k2!2 ~ET (3:8)�¤¥áì ~ET ¨ ~EL - ¯®¯¥à¥ç­ ï ¨ ¯à®¤®«ì­ ï ª®¬¯®­¥­âë í«¥ªâà¨ç¥áª®£®¯®«ï ®â­®á¨â¥«ì­® ­ ¯à ¢«¥­¨ï à á¯à®áâà ­¥­¨ï ¢®«­ë ~k. � ª¨¬ ®¡à -§®¬, ¨á¯®«ì§ãï ®¯à¥¤¥«¥­¨¥ (3.7), ¨¬¥¥¬~D = n2 ~ET ; (3:9)� ¬¥â¨¬, çâ® í«¥ªâà®¬ £­¨â­ ï ¢®«­  ¢ ¯« §¬¥ ï¢«ï¥âáï ¯®¯¥à¥ç­®©®â­®á¨â¥«ì­® ¢¥ªâ®à®¢ ~D ¨ ~B (¨§(3.6) á«¥¤ã¥â, çâ® ~B ? ~k ¨ ~D ? ~k), ¢â® ¢à¥¬ï ª ª ¢¥ªâ®à ~E ¬®¦¥â ¨¬¥âì ¨ ¯à®¤®«ì­ãî ª®¬¯®­¥­âã. � ª ¬ëã¢¨¤¨¬ ¢ á«¥¤ãîé¥¬ à §¤¥«¥, íâ  á¨âã æ¨ï à¥ «¨§ã¥âáï ¯à¨ ­ «¨ç¨¨¢­¥è­¥£® ¬ £­¨â­®£® ¯®«ï.� ®¡é¥¬ á«ãç ¥ ¨§ âà¥âì¥£® ãà ¢­¥­¨ï (3.6) á«¥¤ã¥â, çâ®DL = 0; (3:10)â® ¥áâì 4�PL = �EL (3:11)
3



�«ï ¯®¯¥à¥ç­®© ª®¬¯®­¥­âë, ª ª á«¥¤ã¥â ¨§ à ¢¥­áâ¢  (3.9) á ãç¥â®¬(3.10) ¨ (3.3), ¯®«ãç ¥¬ 4�PT = ET (n2 � 1) (3:12)� ª ¢¨¤­® ¨§ ãà ¢­¥­¨ï (3.4). ¤«ï ®¯à¥¤¥«¥­¨ï ¢¥ªâ®à  ¯®«ïà¨§ æ¨¨~P ­ ¬ ­ ¤® ­ ©â¨ á¬¥é¥­¨¥ í«¥ªâà®­  ~r ¨§ ¯®«®¦¥­¨ï à ¢­®¢¥á¨ï ¯®¤¤¥©áâ¢¨¥¬ ¯®«ï ¢®«­ë. �à ¢­¥­¨¥ ¤«ï ~r ¨¬¥¥â á«¥¤ãîé¨© ¢¨¤ :m�~r = �e ~E � e _~rc � ~B (3:13)�¥¯¥àì ¬ë ¯à¥­¥¡à¥£ ¥¬ ¢â®àë¬ á« £ ¥¬ë¬ ¢ íâ®¬ ãà ¢­¥­¨¨, ¯®-áª®«ìªã ¤«ï à áá¬ âà¨¢ ¥¬®© ­ ¬¨ ¢®«­ë ¬ «®©  ¬¯«¨âã¤ë ¢¥«¨ç¨­ áª®à®áâ¨, ¯à¨®¡à¥â ¥¬®© í«¥ªâà®­®¬ â ª¦¥ ¬ «  ( _r� c ¨ B � E).�®£¤  m�~r = �e ~E (3:14)�¥è¥­¨¥ ãà ¢­¥­¨ï ¤«ï ¤¢¨¦¥­¨ï í«¥ªâà®­  ¢ ¯®«¥ ¯«®áª®© ¬®­®-åà®¬ â¨ç¥áª®© ¢®«­ë (@t! �i!) ¯à¨­¨¬ ¥â ¢¨¤ :~r = em!2 ~E (3:15)®âáî¤  ¤«ï ¢¥ªâ®à®¢ ~P ¨ ~D á®®â¢¥âáâ¢¥­­® ¯®«ãç ¥¬ ¢ëà ¦¥­¨ï (á¬.®¯à¥¤¥«¥­¨ï (3.4))¨(3.3)) : ~P = �Nee2m!2 ~E (3:16)~D = (1� 4�Nee2m!2 ) ~E (3:17)�â ª, ¤«ï ¨§®âà®¯­®© ¯« §¬ë ¢¥ªâ®à  ~P ; ~E ¨ ~D ¯ à ««¥«ì­ë ¨á®£« á­® (3.6) ¯¥à¯¥­¤¨ªã«ïà­ë ª ­ ¯à ¢«¥­¨î à á¯à®áâà ­¥­¨ï ¢®«­ë~k. �§ áà ¢­¥­¨ï (3.8) ¨ (3.14) ¬ë â¥¯¥àì ¨¬¥¥¬ :n2 = 1� 4�N2em!2 = 1� !20!2 ; (3:18)£¤¥ !0 = s4�Nee2m (3:19)4



| ¯« §¬¥­­ ï ç áâ®â  í«¥ªâà®­®¢.�ç¨âë¢ ï ®¯à¥¤¥«¥­¨¥ n (3.7), ¨§ (3.14) ¯®«ãç ¥¬ ¤¨á¯¥àá¨®­­®¥ãà ¢­¥­¨¥ ¤«ï ¯®¯¥à¥ç­ëå í«¥ªâà®¬ £­¨â­ëå ¢®«­ ¨¬¥¥â ¢¨¤ :!2 = !20 + k2c2; (3:20)� «¥¥, ¤¨ää¥à¥­æ¨àãï ¥£®, ­ å®¤¨¬, çâ® vph � vg = c2 (ãçâï, çâ® £àã¯¯®-¢ ï áª®à®áâì ~vg � @!@~k ).�«ï ¡¥§à §¬¥à­®© í«¥ªâà®­­®© ¯«®â­®áâ¨ ®¡ëç­® ¨á¯®«ì§ã¥âáï ®¡®-§­ ç¥­¨¥ X � !20!2 = 4�Nee2m!2 ; (3:21)¬ë ¯®«ãç ¥¬ n = p1�Xvph = cp1�xvg = c � p1�X (3:22)�âáî¤  á«¥¤ã¥â, çâ® ¤«ï X ! 1 (! ! !0) ¬ë ¨¬¥¥¬ n = 0 ¨ vph !1.�®£¤  à á¯à®áâà ­¥­¨¥ ¢®«­ áâ ­®¢¨âáï ­¥¢®§¬®¦­ë¬. �à¨ç¨­  íâ®£®§ ª«îç ¥âáï ¢ â®¬, çâ® í«¥ªâà¨ç¥áª®¥ ¯®«¥ ¢®«­ë ¢®§¡ã¦¤ ¥â â®ª¨ ¢¯« §¬¥ ­  ç áâ®â¥ !, ¤®áâ â®ç­® á¨«ì­ë¥, çâ®¡ë £¥­¥à¨à®¢ âì ¯®«ï,ª®¬¯¥­á¨àãîé¨¥ ¯®«¥ à á¯à®áâà ­ïîé¥©áï ¢®«­ë. � ª¨¬ ®¡à §®¬, ¢¯« §¬¥ ¬®£ãâ à á¯à®áâà ­ïâìáï â®«ìª® ¢®«­ë á ç áâ®â ¬¨! > !0 = 5:641 � 104qNe (3:23)f > f0 = 8:979 � 103qNe (3:24)¨«¨ á ¤«¨­®© ¢®«­ë (¢ ¢ ªãã¬¥)� < �0 = 3:339 � 106pNe (3:25). �¥¬ ¢ëè¥ ç áâ®â , â¥¬ ­  ¬¥­ìè¨¥ à ááâ®ï­¨ï ®âª«®­ï¥âáï í«¥ª-âà®­ §  ®¤¨­ ¯¥à¨®¤. �à¨ íâ®¬ ¯ ¤ ¥â á®§¤ ¢ ¥¬®¥ íâ¨¬¨ ®âª«®­¥­¨ï¬¨¯®«¥ ¨ ã¬¥­ìè ¥âáï ¢«¨ï­¨¥ ¤¢¨¦¥­¨ï í«¥ªâà®­®¢ ­  à á¯à®áâà ­¥­¨¥¢®«­ë. 5



3.2 �«ãç ©  ­¨§®âà®¯­®© ¯« §¬ë� ¯à¨áãâáâ¢¨¨ ¢­¥è­¥£® ¬ £­¨â­®£® ¯®«ï ¬ë ¬®¦¥¬ ¨á¯®«ì§®¢ âìâã ¦¥ á ¬ãî ä®à¬ã ãà ¢­¥­¨© � ªá¢¥««  (3.6). �¤­ ª® ¢ á®®â­®è¥­¨¨(3.11) ª®¬¯®­¥­âë ¢¥ªâ®à®¢ EL ¨ PL ®â«¨ç­ë ®â ­ã«ï, å®âï ¯®-¯à¥¦­¥¬ãDL = 0 | ¢®«­  â¥¯¥àì ­¥ ï¢«ï¥âáï áâà®£® ¯®¯¥à¥ç­®©.� â ª, ¨¬¥¥¬ : 4� ~PT = (n2 � 1) ~ET ( ~DT = n2 ~ET ) (3:26)4� ~PL = � ~EL ( ~DL = 0) (3:27)�­¤¥ªáë T ¨ L ®â­®áïâáï ª ¯®¯¥à¥ç­®© ¨ ¯à®¤®«ì­®© ª®¬¯®­¥­â ¬¯® ®â­®è¥­¨î ª ­ ¯à ¢«¥­¨î à á¯à®áâà ­¥­¨ï ¢®«­ë, ®¯à¥¤¥«ï¥¬®¬ã¢¥ªâ®à®¬ ~k. �¥¯¥àì ¯à¨ ­ å®¦¤¥­¨¨ ¢¥ªâ®à  ¯®«ïà¨§ æ¨¨ ~P ­¥«ì§ï ¯à¥-­¥¡à¥£ âì ¢«¨ï­¨¥¬ ¢­¥è­¥£® ¬ £­¨â­®£® ¯®«ï ~B� ¢ ãà ¢­¥­¨¨ ¤¢¨¦¥-­¨ï í«¥ªâà®­  (3.9), â ª çâ® :m�~r = �e ~E � e _~rc � ~B� (3:28)�á¯®«ì§ãï ¢ëà ¦¥­¨¥ (3.4) ¤«ï ~P ¤«ï á«ãç ï ¯«®áª®© ¬®­®åà®¬ -â¨ç¥áª®© ¢®«­ë, ¬®¦­® ¯à¥®¡à §®¢ âì íâ® ãà ¢­¥­¨¥ ª ¢¨¤ã�m!2~r = �e ~E + ie!c ~r � ~B� (3:29)�®¬­®¦¨¢ ¥£® ­  Neem!2 , ¯®«ãç ¥¬ :~P = �X4� ~E � i ~P � ~Y ; (3:30)£¤¥ ¨á¯®«ì§®¢ ­® ¯®­ïâ¨¥ ¡¥§à §¬¥à­®© í«¥ªâà®­­®© ¯«®â­®áâ¨X (3.16)¨ ¢¢¥¤ñ­ ¡¥§à §¬¥à­ë© ¢¥ªâ®à ¬ £­¨â­®£® ¯®«ï ~Y :~Y � Y ~B�B� = !B! ~B�B� = eB!mc ~B�B� ; (3:31)£¤¥ !B = eBmc | £¨à®ç áâ®â  í«¥ªâà®­®¢   Y � !B! .�ë ¨á¯®«ì§ã¥¬ ¯àï¬®ã£®«ì­ãî ª®®à¤¨­ â­ãî á¨áâ¥¬ã (á¬. �¨á.3.1),£¤¥ z-®áì ®à¨¥­â¨à®¢ ­  ¢ ­ ¯à ¢«¥­¨¨ à á¯à®áâà ­¥­¨ï ¢®«­ë ~k,  ¢­¥è­¥¥ ¬ £­¨â­®¥ ¯®«¥ ~B� «¥¦¨â ¢ ¯«®áª®áâ¨ yz.6



� íâ®© á¨áâ¥¬¥ ª®®à¤¨­ â ãà ¢­¥­¨¥ (3.30) ¬®¥â ¡ëâì § ¯¨á ­® ª ªX4� � Ex = �Px � iPyYz + iPzYyX4� � Ey = �Py + iPxYzX4� � Ez = �Pz � iPxYy (3:32)�¯à¥¤¥«¨¬ ª®íää¨æ¨¥­â ¯®«ïà¨§ æ¨¨ ª ªR � ExEy = i tan �: (3:33)(�®, çâ® ¢ ­ è¥© á¨áâ¥¬¥ ª®®à¤¨­ â R | ¬­¨¬®¥ ç¨á«®, ¬ë áª®à® ã¢¨-¤¨¬.)
�¨áã­®ª 3.1. �¨áâ¥¬  ª®®à¤¨­ â, ¨á¯®«ì§ã¥¬ ï ¯à¨ ¢ë¢®¤¥ ¢ëà ¦¥-­¨ï ¤«ï ª®íää¨æ¨¥­â  à¥äà ªæ¨¨  ­¨§®âà®¯­®© ¯« §¬ë�§ ãà ¢­¥­¨© (3.21),(3.22) ¨ (3.26) ¬ë ¬®¦¥¬ ¯®«ãç¨âì ãà ¢­¥­¨¥¤«ï R. � ¬¥â¨¬,çâ® ¨§ (3.23) á«¥¤ã¥â, çâ®R = ExEy = PxPy (3:34).�¥«ï «¥¢ë¥ ¨ ¯à ¢ë¥ ç áâ¨ ¯¥à¢®£® ãà ¢­¥­¨ï ¨§ (3.32) ­  ¢â®à®¥ ¨ãç¨âë¢ ï (3.34), ¨¬¥¥¬ R = �R � iYL + iYy PzPy�1 + iRYz (3:35)�®¤áâ ¢«ïï âà¥âì¥ ãà ¢­¥­¨¥ (3.32) §­ ç¥­¨¥ EZ = EL á®£« á­® (3.27)­ å®¤¨¬ Pz = �i PxYy1�X (3:36)7



�®¤áâ ¢«ïï íâ® á®®â­®è¥­¨¥ ¢ ¢ëà ¦¥­¨¥ (3.35), ­ å®¤¨¬ ãà ¢­¥­¨¥¤«ï ª®íää¨æ¨¥­â  ¯®«ïà¨§ æ¨¨ (YT = Yy; YL = Yz)¢ ¢¨¤¥ :R2 + iR Y 2TYL(1�X) + 1 = 0 (3:37)�à ¢­¥­¨¥ íâ®, ¥áâ¥áâ¢¥­­®, ¨¬¥¥â ¤¢  à¥è¥­¨ï :Ro;e = �i(��q�2 + 1); (3:38)£¤¥ � � 12 Y 2TYL(1�X) = 12 Y1�X � sin2 �cos� (3:39)(� - ã£®«­ ¯à ¢«¥­¨ï ¬ £­¨â­®£® ¯®«ï ®â­®á¨â¥«ì­® ­ ¯à ¢«¥­¨ï à á-¯à®áâà ­¥­¨ï ¢®«­ë (¢¥ªâ®à ~k). �¢  ­ ¬¨ §­ ç¥­¨ï ª®íää¨æ¨¥­â  ¯®«ï-à¨§ æ¨¨ ®¯à¥¤¥«ïîâ ¤¢  ¢®§¬®¦­ëå â¨¯  ¢®«­, ª®â®àë¥ ¬®£ãâ à á¯à®-áâà ­ïâìáï ¢  ­¨§®âà®¯­®© ¯« §¬¥ á § ¤ ­­ë¬¨ ¯ à ¬¥âà ¬¨. �¥¯¥àì­ ¬ ­ ¤«¥¦¨â ¤«ï íâ¨å â¨¯®¢ ¢®«­ ­ ©â¨ á®®â¢¥âáâ¢ãîé¨¥ ¨¬ §­ ç¥-­¨ï ª®íää¨æ¨¥­â  ¯à¥«®¬«¥­¨ï. �§ (3.21) ­ å®¤¨¬, çâ®n2 � 1 = 4� PTET = 4� PyEy (3:40)� «¥¥, ¢â®à®¥ ¨§ á®®â­®è¥­¨© (3.25) ¤ ñâX4� EyPy = �1 + iRYz: (3:41)¨«¨ : PyEy 4� = X�1 + iRYz (3:42)�¥¯¥àì ¨§ (3.40) ¬ë ¬®¦¥¬ ¯®«ãç¨âì ¢ëà ¦¥­¨¥ ¤«ï ª®íää¨æ¨¥­â ¯à¥«®¬«¥­¨ï n : n2 = 1� X1� iRYL (3:43)¨«¨ (á¬. (3.30)) n2 = 1� X1 + tan � � YL (3:44)8



�§ ­ «¨ç¨ï ¤¢ãå ¢®§¬®¦­ëå §­ ç¥­¨© ª®íää¨æ¨¥­â  ¯®«ïà¨§ æ¨¨ R(ä®à¬ã«  (3.30)) á«¥¤ã¥â, çâ® ¤«ï ª ¦¤®© ª®­ªà¥â­®© ç áâ®âë ! ¬®£ãâà á¯à®áâà ­ïâìáï ¢®«­ë ¤¢ãå â¨¯®¢ á à §«¨ç­ë¬¨, ­® ä¨ªá¨à®¢ ­­ë-¬¨ â¨¯ ¬¨ ¯®«ïà¨§ æ¨¨ (á®®â¢¥âáâ¢ãîé¨¥ ª®íää¨æ¨¥­âë ¯®«ïà¨§ æ¨¨®¡®§­ ç¨¬ Ro ¨ Re). �®á«¥¤­¨¥ § ¢¨áïâ ®â í«¥ªâà®­­®© ª®­æ¥­âà æ¨¨X, ­ ¯àï¦¥­­®áâ¨ ¬ £­¨â­®£® ¯®«ï Y ¨ ¥£® ­ ¯à ¢«¥­¨ï (ã£®« �). �®-áª®«ìªã � ï¢«ï¥âáï ¤¥©áâ¢¨â¥«ì­ë¬ ç¨á«®¬ ¨§ á®®â­®è¥­¨ï (3.27) ¨®¯à¥¤¥«¥­¨ï (3.25) á«¥¤ã¥â, çâ® ¯®«ïà¨§ æ¨¨ íâ¨å ¢®«­, ­ §ë¢ ¥¬ëå­®à¬ «ì­ë¬¨, í««¨¯â¨ç¥áª¨¥ á £« ¢­ë¬¨ ®áï¬¨ ¢ ¯«®áª®áâïå x ¨ y, â®¥áâì ¢ ¯«®áª®áâ¨ ¬ £­¨â­®£® ¯®«ï ¨ ¯¥à¯¥­¤¨ªã«ïà­®© ª ­¥©. �§ (3.38)á«¥¤ã¥â, çâ® Ro �Re = 1; (3:45)®âªã¤  á«¥¤ã¥â, çâ® ¯®«ïà¨§ æ¨¨ ­®à¬ «ì­ëå ¢®«­ ¢§ ¨¬­® ®àâ®£ ­ «ì-­ë. �¢  â¨¯  ­®à¬ «ì­ëå ¢®«­ ­®áïâ ­ §¢ ­¨¥ ®¡ëª­®¢¥­­®© (Ro) ¨­¥®¡ëª­®¢¥­­®© (Re). � ¦¤ ï ¨§ ¢®«­, á®£« á­® (3.30), ®¡« ¤ ¥â á¢®¨¬ª®íää¨æ¨¥­â®¬ ¯à¥«®¬«¥­¨ï ¨, á«¥¤®¢ â¥«ì­®, ä §®¢®© áª®à®áâìî.�«ï «î¡®©  ­ «¨§¨àã¥¬®© ¢®«­ë á ¯à®¨§¢®«ì­ë¬ â¨¯®¬ (í««¨¯â¨-ç¥áª®©) ¯®«ïà¨§ æ¨¨ ­ ¬ á«¥¤ã¥â ¯à¥¤áâ ¢¨âì ¥¥ ª ª áã¬¬ã ¤¢ãå ¢®«­ á¯®«ïà¨§ æ¨ï¬¨, á®®â¢¥âáâ¢ãîé¨¬¨ ­®à¬ «ì­ë¬ ¢®«­ ¬. � á¯à®áâà ­¥-­¨¥ ¯®á«¥¤­¨å á«¥¤ã¥â ­ ©¤¥­­®¬ã § ª®­ã ¤«ï ­¥®¡ëª­®¢¥­­®© ¨ ®¡ëª-­®¢¥­­®© ¢®«­. �®«ïà¨§ æ¨ï ­®à¬ «ì­ëå ¢®«­ ®¯¨áë¢ ¥âáï ä®à¬ã«®©(3.27) ¨ ¯à¥¤áâ ¢«¥­  ­  �¨á.2. �¥§ã«ìâ¨àãîé¨© íää¥ªâ ®¯à¥¤¥«ï¥âáïáã¬¬®© íâ¨å ¢®«­ á ãç¥â®¬ ¨§¬¥­¥­¨ï ¨å ä §ë ¯à¨ à á¯à®áâà ­¥­¨¨.�á®¡ë© ¨­â¥à¥á ¯à¥¤áâ ¢«ï¥â á«ãç ©, ª®£¤  �� 1. �®£¤ R � �i (3:46)¨ ¯®«ïà¨§ æ¨ï ­®à¬ «ì­ëå ¢®«­ ¯à ªâ¨ç¥áª¨ ªàã£®¢ ï. �â®â á«ãç ©­®á¨â ­ §¢ ­¨¥ ª¢ §¨¯à®¤®«ì­®£® à á¯à®áâà ­¥­¨ï ¨ ®¯¨áë¢ ¥âáï¯à®áâë¬¨ ¢ëà ¦¥­¨ï¬¨ ¤«ï ª®íää¨æ¨¥­â  ¯à¥«®¬«¥­¨ï. � ¤àã£®© áâ®-à®­ë, ¤«ï á« ¡ëå ¬ £­¨â­ëå ¯®«¥© ®­ ¨¬¥¥â ¬¥áâ® ¯®çâ¨ ¤«ï ¢á¥å ã£«®¢­ ¯à ¢«¥­¨ï ¬ £­¨â­®£® ¯®«ï � (ªà®¬¥ ã§ª®£® ¨­â¥à¢ «  ¢¡«¨§¨ áâà®-£® ¯®¯¥à¥ç­®£® à á¯à®áâà ­¥­¨ï). �â® ®¡áâ®ïâ¥«ìáâ¢® ®¯à¥¤¥«ï¥â è¨-à®ªãî ¯à¨¬¥­¨¬®áâì ª¢ §¨¯à®¤®«ì­®£® ¯à¨¡«¨¦¥­¨ï. �®« £ ï X � 1,ä®à¬ã«ã (3.39) § ¯¨è¥¬ ¢ ¢¨¤¥ :� = Y2 sin2 �cos� = !B2! sin2 �cos� ; (3:47)9



£¤¥ � | ã£®« ­ ¯à ¢«¥­¨ï ¬ £­¨â­®£® ¯®«ï ~B ®â­®á¨â¥«ì­® ­ ¯à ¢«¥-­¨ï à á¯à®áâà ­¥­¨ï ¢®«­ë ~k. �«ï á«ãç ï X � 1 â¨¯ ¯®«ïà¨§ æ¨¨­®à¬ «ì­ëå ¢®«­ ­¥ § ¢¨á¨â ®â í«¥ªâà®­­®© ¯«®â­®áâ¨. �®£¤  ¤«ï ª®-íää¨æ¨¥­â  ¯à¥«®¬«¥­¨ï ¨¬¥¥¬ :n2o;x = 1� X1� YL � (1�X �XYL) (3:48)¨«¨ no;x = 1� X2 � XYL2 (3:49)�®íää¨æ¨¥­â ¯à¥«®¬«¥­¨ï ¤«ï ­¥®¡ëª­®¢¥­­®© ¢®«­ë ne ¬¥­ìè¥ç¥¬ ¤«ï ®¡ëª­®¢¥­­®©,   ¥ñ ¯®«ïà¨§ æ¨ï á®®â¢¥âáâ¢ã¥â ¯® ­ ¯à ¢«¥-­¨î ¢à é¥­¨ï í«¥ªâà¨ç¥áª®£® ¢¥ªâ®à  ¢à é¥­¨î í«¥ªâà®­®¢ ¯« §¬ë¢ ¬ £­¨â­®¬ ¯®«¥. � ª¨¬ ®¡à §®¬ ¯à ¢®¥ ¢à é¥­¨¥ (¯® ç á®¢®© áâà¥«-ª¥, ¥á«¨ á¬®âà¥âì ¢ ­ ¯à ¢«¥­¨¨ à á¯à®áâà ­¥­¨¨ ¢®«­ë) ¨¬¥¥â ¬¥áâ®¢ á«ãç ¥, ª®£¤  ¢®«­  à á¯à®áâà ­ï¥âáï ¢ ¯®«®¦¨â¥«ì­®¬ ­ ¯à ¢«¥­¨¨á¨«®¢®© «¨­¨¨ ¬ £­¨â­®£® ¯®«ï.� á«ãç ¥ ¯®¯¥à¥ç­®£® à á¯à®áâà ­¥­¨ï ®â­®á¨â¥«ì­® ¢­¥è­¥£® ¬ £-­¨â­®£® ¯®«ï (� = �2 ) Ro = 0 (®¡ëª­®¢¥­­ ï ¢®«­ ) ¨«¨ Rx = �i2� =1(­¥®¡ëª­®¢¥­­ ï ¢®«­ ). �¤­ ª® (á¬. (3.36) ¤«ï �! �=2)RxYL � �i2� � YL = �iY 2T (3:50)�â ª, ¯®«ïà¨§ æ¨ï ­®à¬ «ì­ëå ¢®«­ «¨­¥©­ ï ¨ á®¢¯ ¤ ¥â ¯® ­ -¯à ¢«¥­¨î á ¬ £­¨â­ë¬ ¯®«¥¬ ¤«ï ®¡ëª­®¢¥­­®© ¢®«­ë ¨ ¯¥à¯¥­¤¨ªã-«ïà­  ª ­¥¬ã | ¤«ï ­¥®¡ëª­®¢¥­­®©. �®íää¨æ¨¥­âë ¯à¥«®¬«¥­¨ï ¤«ïíâ¨å ¢®«­ ¨¬¥îâ ¢¨¤ : n2o = 1�Xn2x = 1� X1�Y 2T (3:51)� á«ãç ¥ ®¡ëª­®¢¥­­®© ¢®«­ë í«¥ªâà®­ë ãáª®àïîâáï í«¥ªâà¨ç¥-áª¨¬ ¯®«¥¬ ¢®«­ë ¢ ­ ¯à ¢«¥­¨¨ ¢­¥è­¥£® ¬ £­¨â­®£® ¯®«ï, â ª çâ®®­® ­¥ ®ª §ë¢ ¥â ¢«¨ï­¨ï ­  ª®íää¨æ¨¥­â ¯à¥«®¬«¥­¨ï. � à¥§ã«ìâ â¥,¢ëà ¦¥­¨¥ ¤«ï ª®íää¨æ¨¥­â  ¯à¥«®¬«¥­¨ï ®ª §ë¢ ¥âáï á®¢¯ ¤ îé¨¬á â ª®¢ë¬ ¤«ï á«ãç ï ¨§âà®¯­®© ¯« §¬ë (3.14),(3.22 (á ãç¥â®¬ (3.49))).3.3 �à¨¡«¨¦¥­¨¥ £¥®¬¥âà¨ç¥áª®© ®¯â¨ª¨�® á¨å ¯®à ¬ë à áá¬ âà¨¢ «¨ ¯« §¬ã ª ª ®¤­®à®¤­ãî áà¥¤ã, ¢ ª®-â®à®© ¯ à ¬¥âàë ­¥ ¨§¬¥­ïîâáï ¢¤®«ì «ãç  §à¥­¨ï. �áâ¥áâ¢¥­­®, çâ® ¢10



¬ áèâ ¡ å ¢á¥£®  áâà®ä¨§¨ç¥áª®£® ®¡ê¥ªâ  íâ® ­¥ ¬®¦¥â ¨¬¥âì ¬¥áâ®,å®âï ¢ á¨«ã ¡®«ìè¨å à §¬¥à®¢ ª®á¬¨ç¥áª¨å â¥« ãá«®¢¨¥ ®¤­®à®¤­®áâ¨®¡ëç­® ¢ë¯®«­ï¥âáï ­  ¢¥áì¬  ¡®«ìè¨å «¨­¥©­ëå ¬ áèâ ¡ å, ­  ¬­®-£® ¯®àï¤ª®¢ ¯à¥¢®áå®¤ïé¨å ¤«¨­ã ¢®«­ë. � ª ï á¨âã æ¨ï ®¯à¥¤¥«ï¥â¯à¨¬¥­¨¬®áâì ¢ ¦­®£® ¨ ¨á¯®«ì§ã¥¬®£® ®¡ëç­® ¢  áâà®ä¨§¨ª¥ ¯à¨¡«¨-¦¥­¨ï £¥®¬¥âà¨ç¥áª®© ®¯â¨ª¨.�ç¥¢¨¤­®, çâ® ¬ë ¬®¦¥¬ à §¡¨âì ¯ãâì ¢®«­ë ­  â ª¨¥ ãç áâª¨ (¤«¨-­®© �Lk � � (á¬. �¨á.3), ª®â®àë¥ ¬®¦­® áç¨â âì ¯àï¬®«¨­¥©­ë¬¨ ¨ ¢¯à¥¤¥« å ª®â®àëå ¯« §¬  ¨¬¥¥â ¯à ªâ¨ç¥áª¨ ¯®áâ®ï­­ë¥ ¯ à ¬¥âàë.�â ª, ¬ë ¨¬¥¥¬ �� �Lk � L; (3:52)£¤¥ L | å à ªâ¥à­ë© ¬ áèâ ¡ ­¥®¤­®à®¤­®áâ¥© ¯« §¬ë (á¬. �¨á. 3.2).
�¨áã­®ª 3.2 � á¯à®áâà ­¥­¨¥ ¢®«­ë («ãç ) ¢ ¯à¨¡«¨¦¥­¨¥ £¥®¬¥âà¨-ç¥áª®© ®¯â¨ª¨� ¯à¥¤¥« å ª ¦¤®£® ®âà¥§ª  �Lk ¬ë ¬®¦¥¬ ¨á¯®«ì§®¢ âì à¥è¥­¨¥,®¯¨áë¢ îé¥¥ à á¯à®áâà ­¥­¨¥ ¢®«­ë ¢ ®¤­®à®¤­®© ¯« §¬¥. �¤­ ª® ¤«ïª ¦¤®£® á«¥¤ãîé¥£® ®âà¥§ª  ­ ¬ á«¥¤ã¥â ¨á¯®«ì§®¢ âì ­®¢ë¥ («®ª «ì-­ë¥) §­ ç¥­¨ï ¯ à ¬¥âà®¢ ¯« §¬ë, «¨èì á«¥£ª  ®â«¨ç îé¨¥áï ®â ¨å ¢¥-«¨ç¨­ ¢ á®á¥¤­¨å ãç áâª å. � à¥§ã«ìâ â¥ ¬ë ¯®«ãç ¥¬ ä®à¬ã«ã, ®¯¨áë-¢ îéãî à á¯à®áâà ­¥­¨¥ ¢®«­ë ¢ ¢¨¤¥ (� | ä §  ¢®«­ë, �� = k�L =!cn�L) : ~E = ~E0Ei� / eiP !c nk�Lk (3:53)�ª § ­­®¥ â ª¦¥ ¯®§¢®«ï¥â ®¯à¥¤¥«¨âì k = @�@l . �¥à¥å®¤ï ª ¥ñ ¨­â¥-£à «ì­®¬ã ®¡®¡é¥­¨î, ¬ë ¯®«ãç ¥¬ :~E / ei!c R ndl: (3:54)11



�¥è¥­¨¥ ãà¢­¥­¨ï à á¯à®áâà ­¥­¨ï ¢®«­ë, § ¯¨á ­­®¥ ¢ â ª®¬ ¢¨¤¥¨ ¯à¥¤áâ¢ «ï¥â ¯à¨¡«¨¦¥­¨¥ £¥®¬¥âà¨ç¥áª®© ®¯â¨ª¨. �®áª®«ìªã ¢  ­¨-§®âà®¯­®© ¯« §¬¥ ¬®£ãâ à á¯à®áâà ­ïâìáï ¤¢  â¨¯  à ¤¨®¢®«­ á à §-«¨ç­ë¬¨ ä §®¢ë¬¨ áª®à®áâï¬¨, â® ¤«ï ­¨å á«¥¤ã¥â ¨á¯®«ì§®¢ âì á®®â-¢¥âá¢¥­­® ¤¢  à¥è¥­¨ï ¢¨¤  (3.42) á à §«¨ç­ë¬¨ ne ¨ no.3.4 �à ¢­¥­¨ï ¯¥à¥­®á  ¨§«ãç¥­¨ï ¢  ­¨§®âà®¯­®© ¯« §¬¥�¥è¥­¨¥ ãà ¢­¥­¨© � ªá¢¥««  ¢ ¯à¨¡«¨¦¥­¨¨ £¥®¬¥âà¨ç¥áª®© ®¯â¨-ª¨ ¢ ä®à¬¥ ¯«®áª®© ¬®­®åà®¬ â¨ç¥áª®© ¢®«­ë ¯®§¢®«ï¥â ­ ¯¨á âì ¨ ¨á-¯®«ì§®¢ âì ãà ¢­¥­¨ï ¯¥à¥­®á  ¨§«ãç¥­¨ï | ãà ¢­¥­¨ï, ®¯¨áë¢ îé¨¥à á¯à®áâà ­¥­¨¥ í­¥à£¨¨ ¢®«­ë ¢ ¯« §¬¥. �á«¨ ¬ë § ¯¨è¥¬ ¢ëà ¦¥­¨ï¤«ï í«¥ªâà¨ç¥áª®£® ¯®«ï ¢®«­ë ¢ ¯« §¬¥ ¢ ¢¨¤¥Ej = E�j ei!c R njdl; (3:55)â® ¤«ï â®£®, çâ®¡ë ®¯¨á âì à á¯à®áâà ­¥­¨¥ ¢®«­ë á ¯®¬®éìî ®¡®¡é¥­-­ëå ¯ à ¬¥âà®¢ �â®ªá  ¬ë ¯¨è¥¬ (¤«ï â¥­§®à  ¯®«ïà¨§ æ¨¨)Sjk = Ej �E�k (3:56)¨ Sjk = S�jk � ei!c R (nj�n�k)dl (3:57)�á«¨ ¯« §¬  â ª¦¥ ¯®£«®é ¥â à ¤¨®¢®«­ë, ¯à®æ¥áá íâ®â ¬®¦¥â ¡ëâì®¯¨á ­ ¢¢¥¤¥­¨¥¬ ¬­¨¬®© ç áâ¨ ¢ ª®íää¨æ¨¥­â ¯à¥«®¬«¥­¨ï :nj = n0j + in00j (3:58)� «¥¥ ¬ë ¢¢®¤¨¬ ¢ à áá¬®âà¥­¨¥ à §­¨æã ä § ­®à¬ «ì­ëå ¢®«­ :�� = i!c Z (n0j � n0k)dl (3:59)¨ ®¯â¨ç¥áªãî â®«é¨­ã � = !c Z (n00j + n00k)dl (3:60)�®£¤  ãà ¢­¥­¨¥ ¯¥à¥­®á  ¬®¦­® ­ ¯¨á âì ¢ ¢¨¤¥ :Sjk = S�jkei� � e�� (3:61)12



�¤¥áì ¬ë § ¬¥­¨¬ j ! e; k! o (3:62):� â®£¤  ¨¬¥¥¬ See = Ie = I�e e��eSoo = Io = I�e e��oSeo = S�oeei� � e�� ; (3:63)£¤¥ �e = !c R 2n00edl�o = !c R 2n00odl (3:64)�ë â ª¦¥ ¢¢¥¤¥¬ áà¥¤­îî ¤«ï ¤¢ãå â¨¯®¢ ¢®«­ ®¯â¨ç¥áªãî â®«éã� = �e + �o2 : (3:65)�®íää¨æ¨¥­â ¯®£«®é¥­¨ï (áà. (3.48)) :� = 2!c n00 (3:66)�®£¤  ãà ¢­¥­¨ï ¯¥à¥­®á  ¯à¨­¨¬ îâ ¢¨¤ :See = R �ee��edlSoo = R �oe��odlSeo = R �eoe��+i�dlSeo = S�oe (3:67)�¢  ¯®á«¥¤­¨å ¢ëà ¦¥­¨ï ®¯¨áë¢ îâ ª®£¥à¥­â­®áâì ­®à¬ «ì­ëå ¢®«­,¨§«ãç ¥¬ëå áà¥¤®©. �­¨ ®â«¨ç­ë ®â ­®«ï, ¥á«¨ ¨§«ãç ¥¬ ï ¢®«­  ¨¬¥-¥â ¯®«ïà¨§®¢ ­­ãî ª®¬¯®­¥­âã, â¨¯ ª®â®à®© ®â«¨ç¥­ ®â ¯®«ïà¨§ æ¨¨­®à¬ «ì­ëå ¢®«­.� ¬¥â¨¬, çâ® ¤«ï ¯ à ¬¥âà®¢ �â®ªá  ¯®á«¥¤­¥¥ á®®â­®è¥­¨¥ ¢ (3.51)¯à¨®¡à¥â ¥â ¢¨¤ : S3 = S3e�� cos�S4 = S4e�� sin� (3:68)�®®¡é¥ £®¢®àï, ®â«¨ç¨¥ ª®íää¨æ¨¥­â  ¯à¥«®¬«¥­¨ï ®â ¥¤¨­¨æë ¢«¨-ï¥â ¨ ­  ¨­â¥­á¨¢­®áâì à á¯à®áâà ­ïîé¥©áï ¢®«­ë ¨ ª®­¥ç­® ­  ­ ¯à -¢«¥­¨¥ ¥¥ à á¯à®áâà ­¥­¨ï. �á«¨ ®¤­ ª® ®â«¨ç¨¥ íâ® ¬ «®, â® ¬®¦­®13



¯®«ì§®¢ âìáï ¯à¨¢¥¤¥­­ë¬¨ ä®à¬ã« ¬¨ (áç¨â ï, çâ® X; Y � 1). �«¨-ï­¨¥ ¯« §¬ë ­  ä®à¬ã «ãç  ¬®¦­® ãç¨âë¢ âì ®¡ëç­ë¬ ¤«ï ®¯â¨ª¨§ ª®­®¬ ¯à¥«®¬«¥­¨ï ­  £à ­¨æ¥ ¤¢ãå áà¥¤ :sin �1sin �2 = n1n2 (3:69)�¤¥áì ª®íää¨æ¨¥­âë ¯à¥«®¬«¥­¨ï nk ®¯à¥¤¥«ïîâáï ¢ë¢¥¤¥­­ë¬¨¢ëè¥ ä®à¬ã« ¬¨,   áà¥¤  ¯à¥¤áâ ¢«ï¥âáï à §¤¥«¥­­ë© ­  ®â¤¥«ì­ë¥á«®¨ ª ª ¯®ª § ­® ­  �¨á.3. � ª®©  ­ «¨§ ®ª §ë¢ ¥âáï áãé¥áâ¢¥­­ë¬,­ ¯à¨¬¥à, ¯à¨ ¬®¤¥«¨à®¢ ­¨¨ ¨§«ãç¥­¨ï á®«­¥ç­®© ª®à®­ë ¢ ¬¥âà®¢®¬¤¨ ¯ §®­¥. �ää¥ªâ ¯à¥«®¬«¥­¨ï à ¤¨®¢®«­ ¢ ¦­® â ª¦¥ ãç¨âë¢ âì¯à¨ ¨áá«¥¤®¢ ­¨¨ ­ ¯à ¢«¥­­®áâ¨ ¨§«ãç¥­¨ï ­¥ª®â®àëå â¨¯®¢ ¢á¯«¥-áª®¢, ¤«ï ª®â®àëå £¥­¥à æ¨ï ¨§«ãç¥­¨ï ¯à®¨áå®¤¨â ­  ç áâ®â å, ¡«¨§-ª¨å ª ¯« §¬¥­­®©, £¤¥ X � 1 ¨, áâ «® ¡ëâì, n� 1 (á¬. ä®à¬ã«ã (3.17)).�®«ìèãî à®«ì ¢«¨ï­¨¥ ®â«¨ç¨ï ª®íää¨æ¨¥­â  ¯à¥«®¬«¥­¨ï ®â ¥¤¨­¨-æë ¬®¦¥â ¨£à âì ¢ á¨«ì­® ­¥®¤­®à®¤­ëå áà¥¤ å. � íâ®¬ á«ãç ¥ áà¥¤­ïïí«¥ªâà®­­ ï ¯«®â­®áâì ¬®¦¥â ¡ëâì ­¨§ª®©, ­® ¢ ã¯«®â­¥­­ëå ãç áâª å¯« §¬ë § ¬¥â­® ¢«¨ï­¨¥ ®â«¨ç¨ï n ®â ¥¤¨­¨æë.
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��������� ������������ ���������������¥ªæ¨ï 4�¥¬  : ������� ������ �� ��������������� ����������®«ïà¨§ æ¨ï ­®à¬ «ì­ëå ¢®«­�§ ¬ £­¨â®-¨®­­®© â¥®à¨¨ (á¬. «¥ªæ¨î 3) ¬ë ­ è«¨, çâ® ¢  ­¨§®-âà®¯­®© ¯« §¬¥ ¢®§¬®¦­® à á¯à®áâà ­¥­¨¥ ¤¢ãå â¨¯®¢ ¢®«­ | ®¡ëª­®-¢¥­­®© ` (¨­¤¥ªá \o"| ordinary) ¨ ­¥®¡ëª­®¢¥­­®© (¨­¤¥ªá \x"| extraordinary).�â¨ ¤¢  â¨¯  ¢®«­ ®â«¨ç îâáï å à ªâ¥à®¬ ¯®«ïà¨§ æ¨¨, ª®â®àë© § ¤ -¥âáï ª®íää¨æ¨¥­â®¬ ¯®«ïà¨§ æ¨¨ :R � ExEy (4:1)�à¨ íâ®¬ ª®íää¨æ¨¥­â ¯à¥«®¬«¥­¨ï (ª ª ¤«ï ®¡®¨å â¨¯®¢ ¢®«­)®¯à¥¤¥«ï¥âáï ¢ëà ¦¥­¨¥¬ (ä®à¬ã«  3.40 ¯à¥¤ë¤ãé¥© «¥ªæ¨¨) :n2 = 1� X1� iRYL (4:2)¨« �̈«ï R ¬ë ¯®«ãç¨«¨ ¢ëà ¦¥­¨¥Ro;x = �i(��q�2 + 1); (4:3)£¤¥ � = 12 Y 2TYL(1�X) � 12 !B! sin2 �cos� : (4:4)�¤¥áì � | ã£®« ­ ¯à ¢«¥­¨ï ¬ £­¨â­®£® ¯®«ï ®â­®á¨â¥«ì­® ­ ¯à ¢«¥-­¨ï à á¯à®áâà ­¥­¨ï ¢®«­ë (¢®«­®¢®© ¢¥ªâ®à ~k) ; Y = !B! = eBmc! ¨«¨,ª ª ¢¥â®à ~Y = eBmc! � ~BB , | ¬ £­¨â­®¥ ¯®«¥ ¢ ¡¥§à §¬¥à­ëå ¥¤¨­¨æ å. �à¨íâ®¬, ~YL and ~YT ï¢«ïîâáï ¯à®¤®«ì­®© ¨ ¯®¯¥à¥ç­®© ª®¬¯®­¥­â ¬¨ ¯®«ï.�§ ¯à¨¢¥¤¥­­ëå ä®à¬ã« ¢¨¤­®, çâ® ¯®«ïà¨§ æ¨ï ­®à¬ «ì­ëå ¢®«­ ­ ¤ ­­®© ç áâ®â¥ § ¢¨á¨â £« ¢­ë¬ ®¡à §®¬ ®â ­ ¯àï¦¥­­®áâ¨ ¨ ­ ¯à ¢«¥-­¨ï ¬ £­¨â­®£® ¯®«ï. � ¯à ¢®© ç áâ¨ ¢ëà ¦¥­¨ï (4.3) ¬ë ¯à¥­¥¡à¥£«¨¢«¨ï­¨¥¬ í«¥ªâà®­­®© ¯«®â­®áâ¨, áç¨â ï, çâ® ®­  ¬ « ! � !� (X = !2�!2 � 1); (4:5)1



â® ¥áâì ç áâ®â  ¢®«­ë ! ¬­®£® ¡®«ìè¥ ¯« §¬¥­­®© !� = q4�Ne2m .�â® ¢¥à­® ¤«ï è¨à®ª®£® ªàã£   áâà®ä¨§¨ç¥áª¨å § ¤ ç, å®âï ®â­î¤ì­¥ ¢á¥£¤ . �¤®¡­® ¯à¥¤áâ ¢¨âì ª®íää¨æ¨¥­â ¯®«ïà¨§ æ¨¨ ¢ ¢¨¤¥ :R = i tan�; (4:6)£¤¥ tan � ¥áâì ®â­®è¥­¨¥ ®á¥© í««¨¯á  ¯®«ïà¨§ æ¨¨ (á¬ �¥ªæ¨î 2). �®-£¤  ãà ¢­¥­¨î (4.2) ¬®¦­® ¯à¨¤ âì ¢¨¤ : ¯à¨­¨¬ ¥â ¢¨¤� = cot (2�); (4:7)ãçâï á®®â­®è¥­¨¥ 1 + tg2x = 1=sin2x. �ëà ¦¥­¨¥ ¤«ï ª®íää¨æ¨¥­â ¯à¥«®¬«¥­¨ï ¬®¦¥â ¡ëâì, á«¥¤®¢ â¥«ì­® § ¯¨á ­® ¨â ª (ä®à¬ã«  3.41¯à¥¤ë¤ãé¥© «¥ªæ¨¨) : n2 = 1� X1 + tan � � YL (4:8)� áâ® â ª¦¥ ¡ë¢ ¥â ã¤®¡­® ¯à¥¤áâ ¢¨âì (4.9) ª ª� = q sin�2cos� ; (4:9)£¤¥ ¯ à ¬¥âà q � 12 Y1�X (4:10)§ ¢¨á¨â â®«ìª® ®â ­ ¯àï¦¥­­®áâ¨ ¬ £­¨â­®£® ¯®«ï, ­® ­¥ ®â ¥£® ­ ¯à -¢«¥­¨ï (X | ¡¥§à §¬¥à­ ï í«¥ªâà®­­ ï ¯«®â­®áâì).
�¨á.1� ¢¨á¨¬®áâì í««¨¯â¨ç­®áâ¨ ­®à¬ «ì­ëå ¢®«­ ®â ­ ¯à ¢«¥-­¨ï ¬ £­¨â­®£® ¯®«ï ¤«ï à §®«¨ç­ëå ¢¥«¨ç¨­ ­ ¯àï¦¥­­®áâ¨ ¯®«ï |¯ à ¬¥âà  q (ä®à¬ã«  4.10)

2



�  �¨á. 4.1 í««¨¯â¨ç­®áâì ¯®«ïà¨§ æ¨¨ tan � ¯à¥¤áâ ¢«¥­  ª ª äã­ª-æ¨ï ­ ¯à ¢«¥­¨ï ¬ £­¨â­®£® ¯®«ï � ¤«ï ­¥áª®«ìª¨å §­ ç¥­¨© q. � á«ã-ç ¥ ¯à®¤®«ì­®£® à á¯à®áâà ­¥­¨ï ¯®«ïà¨§ æ¨ ­®à¬ «ì­ëå ¢®«­ ¥áâ¥-áâ¢¥­­® ï¢«ï¥âáï ªàã£®¢®© ¤«ï «î¡®£® §­ ç¥­¨ï q. (tan � = �1, � =0; 180�). � á«ãç ¥ ¯®¯¥à¥ç­®£® à á¯à®áâà ­¥­¨ï | ¯®«ïà¨§ æ¨ï «¨­¥©-­ ï (tan � = 0 ¨«¨ 1, � = 90�). �¤­ ª® ¤«ï ¬ «ëå ¢¥«¨ç¨­ q ¯®«ï-à¨§ æ¨ï ­®à¬ «ì­ëå ¢®«­ ®áâ ¥âáï ¯à ªâ¨ç¥áª¨ ªàã£®¢®© ¯®çâ¨ ¤«ï¢á¥å ­ ¯à ¢«¥­¨© ¬ £­¨â­®£® ¯®«ï §  ¨áª«îç¥­¨¥¬ ¬ «®£® ¨­â¥à¢ « ã£«®¢ ®ª®«® ­ ¯à ¢«¥­¨ï ¯¥à¯¥­¥­¤¨ªã«ïà­®£® ¬ £­¨â­®¬ã ¯®«î. �â®âá«ãç © ­®á¨â ­ §¢ ­¨¥ ª¢ §¨¯à®¤®«ì­®£® (QL) à á¯à®áâà ­¥­¨ï. � «®¥§­ ç¥­¨¥ q ®¯à¥¤¥«ï¥âáï ®¡ëç­® ¬ «®© ­ ¯àï¦¥­­®áâìî ¬ £­¨â­®£® ¯®-«ï (!B � !). �«ï á«ãç ï ª¢ §¨¯à®¤®«ì­®£® à á¯à®áâà ­¥­¨ï ¬ë ¬®¦¥¬¢®á¯®«ì§®¢ âìáï £®à §¤® ¡®«¥¥ ¯à®áâ®© ä®à¬ã«®©, ª®â®à ï á®¢¯ ¤ ¥â áä®à¬ã«®© ¤«ï á«ãç ï ¯à®¤®«ì­®£® à á¯à®áâà ­¥­¨ï á § ¬¥­®© ¢¥«¨ç¨-­ë ¬ £­¨â­®£® ¯®«ï B ­  ¥£® ¯à®¤®«ì­ãî ª®¬¯®¥­¥­âã Bl. �ë ¯®«ãç -¥¬ : n2L;R = 1� X1� Yl (4:11)�¤¥áì §­ ª + ®â­®á¨âáï ª «¥¢®¯®«ïà¨§®¢ ­­®¬ã ¨§«ãç¥­¨î,   §­ ª �| ª ¯à ¢®© ¯®«ïà¨§ æ¨¨. � á«ãç ¥ Yl > 0(0 < � < �=2) íâ® | ®¡ëª­®-¢¥­­ ï ¨ ­¥®¡ëª­®¢¥­­ ï ¢®«­ , á®®â¢¥âáâ¢¥­­®. �á«¨ ãà ¢­¥­¨¥ (4.9)§ à¨áë¢ ¥¬ ¢ ä®à¬¥ n2o;x = 1� X1� jYLj ; (4:12)â® §­ ª + ®â­®á¨âáï ª ®¡ëª­®¢¥­­®©,   §­ ª - ª ­¥®¡ëª­®¢¥­­®© ¢®«­¥.�«ãç © ª¢ §¨¯à®¤®«ì­®£® (QL) à á¯à®áâà ­¥­¨ï ¯à¥¤áâ ¢«ï¥â ®á®¡ë©¨­â¥à¥á ¤«ï ¤¨ £­®áâ¨ª¨ ª®á¬¨ç¥áª®© ¯« §¬ë, ¯®â®¬ã çâ® ¯à¨ á« ¡ëå¬ £­¨â­ëå ¯®«ïå (!B � !) ¨ ­¥¢ëá®ª®© í«¥ªâà®­­®© ¯«®â­®áâ¨ íâ®¯à¨¡«¨¦¥­¨¥ á¯à ¢¥¤«¨¢® ¯®çâ¨ ¤«ï «î¡®£® ­ ¯à ¢«¥­¨ï ¬ £­¨â­®£®¯®«ï, §  ¨áª«îç¥­¨¥¬ ã§ª®£® ¨­â¥à¢ «  ã£«®¢ ¢®ªàã£ áâà®£® ¯®¯¥à¥ç­®-£® ¯®«ï (á«ãç © ª¢ §¨¯®¯¥à¥ç­®£® à á¯à®áâà ­¥­¨ï).� «ë¥ §­ ç¥­¨ï ­ ¯àï¦¥­­®áâ¨ ¯®«ï :Y = eBmc! � 1 (4:13)å à ªâ¥à­ë, ­ ¯à¨¬¥à, ¤«ï ¬¥¦§¢¥§¤­®© áà¥¤ë, £¤¥, áâ «® ¡ëâì, ¯®çâ¨¢á¥£¤  á¯à ¢¥¤«¨¢® ª¢ §¨¯à®¤®«ì­®¥ ¯à¨¡«¨¦¥­¨¥.3



2. �ää¥ªâ � à ¤¥ï�ää¥ªâ � à ¤¥ï § ª«îç ¥âáï ¢® ¢à é¥­¨¨ ¯«®áª®áâ¨ «¥­¥©­®© ¯®-«ïà¨§ æ¨¨ ¨«¨ ®á¥© ¯®«ïà¨§ æ¨®­­®£® í««¨¯á  (¢ á«ãç ¥ í««¨¯â¨ç¥-áª®© ¯®«ïà¨§ æ¨¨) ¨§«ãç¥­¨ï ¯à¨ à á¯à®áâà ­¥­¨¨ í«¥ªâà®¬ £­¨â­®©¢®«­ë ¢  ­¨§®âà®¯­®© áà¥¤¥. �­ ­¥ ¨§¬¥­ï¥â å à ªâ¥à  ¯®«ïà¨§®¢ ­­®£®¯® ªàã£ã ¨§«ãç¥­¨ï. � á«ãç ¥ à á¯à®áâà ­¥­¨ï í«¥ªâà®¬ £­â¨­®© ¢®«-­ë ¢ ¯« §¬¥ �ää¥ªâ � à ¤¥ï ¯à¥¤¯®« £ ¥â á¯à ¢¥¤«¨¢®áâì ¯à¨¡«¨¦¥-­¨ï £¥®¬¥âà¨ç¥áª®© ®¯â¨ª¨ ¨, ¢ á¢®î ®ç¥à¥¤ì | ¯à¨¡«¨¦¥­¨ï ª¢ §¨¯à®-¤®«ì­®£® à á¯à®áâà ­¥­¨ï ; ¥á«¨ á«ãç © ª¢ §¨¯à®¤®«ì­®£® à á¯à®áìà -­¥­¨ï ­¥ ¨¬¥¥â ¬¥áâ , ¨§¬¥­¥­¨ï ¯®«ïà¨§ æ¨¨ á«¥¤ãîâ ¡®«¥¥ á«®¦­®¬ã§ ª®­ãª®â®àë© ­®á¨â ­ §¢ ­¨¥ íää¥ªâ  �®ââ®­ -�ãâ®­ .�«ï ¯®«ãç¥­¨ï ä®à¬ã«ë, ®¯¨áë¢ îé¥© íää¥ªâ � à ¤¥ï, ­ ç­¥¬ á¢ë¢®¤  ¢ëà ¦¥­¨ï ¤«ï à §­®áâ¨ ä § ¤¢ãå ­®à¬ «ì­ë¥å ¢®«­ ¢ ¯à¨-¡«¨¦¥­¨¨ £¥®¬¥âà¨ç¥á®© ®¯â¨ª¨ ¤«ï á«ãç ï ª¢ §¨¯à®¤®«ì­®£® à á¯à®-áâà ­¥­¨ï. �á¯®«ì§ãï �®à¬ã«ã (4.9) ¤«ï ª®íää¨ã¨¥­â®¢ ¯à¥«®¬«¥­¨ï,¯®«ãç ¥¬ : �� = �L � �R = !c Z (nL � nR)dl � !c Z XYldl (4:14)�¤¥áì ¬ë ¯à¨­ï«¨ ¢® ¢­¨¬ ­¨¥, çâ®X; Y � 1 (  â ª¦¥, á®®â¢¥âáâ¢¥­-­®, çâ® nL = nR = 1), ¯à¥­¥¡à¥£«¨ §­ ç¥­¨ï¬¨ ¡®«¥¥ ¢ëá®ª¨å áâ¥¯¥­¥©X ¨ Y ç¥¬ ¯¥à¢ ï. �à®áâ®©  ­ «¨§ ¯®ª §ë¢ ¥â, çâ® ã£®« ¢à é¥­¨ï ¯«®á-ª®áâ¨ ¯®«ïà¨§ æ¨¨ á¢ï§ ­ á à §­®áâìî ä § ­®à¬ «ì­ëå ¢®«­, ¯®«ïà¨-§®¢ ­­ëå ¯® ªàã£ã, ¯à®áâë¬ á®®â­¥è¥­¨¥¬ (á¬. �¨á. 3) :� = ��2 (4:15)�¡ê¥¤¨­ïï (4.12) ¨ (4.13), ¯®«ãç ¥¬ ¢ëà ¦¥­¨ï ¤«ï ã£«  ¢à é¥­¨ï¯«®áª®áâ¨ ¯®«ïà¨§ æ¨¨ :� == 12 !c Z XYldl = 12 !c Z !2�!2 !B! dl = 2�e3m2c2!2 Z BlNedl: (4:16)� ª¨¬ ®¡à §®¬, ã£®« ¢à é¥­¨ï ¯à®¯®àæ¨®­ «¥­ ¯à®¤®«ì­®© ª®¬¯®-­¥­â¥ ¬ £­¨â­®£® ¯®«ï, í«¥ªâà®­­®© ¯«®â­®áâ¨, ¨, à §ã¬¥¥âáï, ¤«¨­¥¯ãâ¨. �­ â ª¦¥ ¨¬¥¥â á¨«ì­ãî ç áâ®â¥­ãî § ¢¨á¨¬®áâì,   ¨¬¥­­® |¯à®¯®àæ¨®­ «¥­ ª¢ ¤à âã ¤«¨­ë ¢®«­ë. � ãç¥â®¬ §­ ç¥­¨© ª®­áâ ­â :4



� = 2:4 � 104RMf 2 (4:17)(f | ç áâ®â  ¢®«­ë ¢ �æ ) ¨«¨� = 2:7 � 10�17RM � �2; (4:18)(� | ¤«¨­  ¢®«­ë ¢ á¬) £¤¥ ¬ë ®¯à¥¤¥«¨«¨ ¬¥àã ¢à é¥­¨ï RM ª ªRM � Z BlNedl: (4:19)� à ¤¥¥¢áª®¥ ¢à é¥­¨¥ ï¢«ï¥âáï ®ç¥­ì á¨«ì­ë¬ íää¥ªâ®¬. � ª, ­ -¯à¨¬¥à, ¤«ï � = 30 cm, Ne = 108 cm�3, B = 10 G (®âà ¦ îé¨å ¢¥áì¬ ã¬¥à¥­­ë¥ §­ ç¥­¨ï ¯ à ¬¥âà®¢ ª®à®­ë  ªâ¨¢­®© ®¡« áâ¨ ­  �®«­æ¥)¬ë ¯®«ãç¨¬ � = � ­  ¯ãâ¨ ¢á¥£® l � 1 ª¬ ! � ª®£® à®¤  ®æ¥­ª¨ ¤ -îâ ®á­®¢ ­¨ï ®¦¨¤ âì, çâ® ¢ ¡®«ìè¨­áâ¢¥ á«ãç ¥¢ «¨­¥©­ ï ¯®«ïà¨§ -æ¨ï ¡ã¤¥â \§ ¬ë¢ âìáï" ¢ á®«­¥ç­®©  â¬®áä¥à¥ | ¢á«¥¤áâ¢¨¥ è¨à®ª®©ç áâ®â­®© ¯®«®áë ¯à¨¥¬­¨ª  ¨«¨ ¯à®âï¦¥­­®© áâàãªâãàë ¨áâ®ç­¨ª .�¥©áâ¢¨â¥«ì­®, ¢ ¡®«ìè¨­áâ¢¥ á«ãç ¥¢ í««¨¯â¨ç­®áâì ¯®«ïà¨§®¢ ­­®©ª®¬¯®­¥­âë á®«­¥ç­®£® à ¤¨®¨§«ãç¥­¨ï «¥¦¨â ­¨¦¥ ¯à¥¤¥«®¢ ­ ¤¥¦-­®£® ¨§¬¥à¥­¨ï ; ¨¬¥îâáï, ®¤­ ª®, ¨ ¢ ¦­ë¥ ¨áª«îç¥­¨ï. �á­®, çâ® ¤«ï®¡­ àã¦¥­¨ï ¨ ¨áá«¤®¢ ­¨ï íää¥ªâ  � à ¤¥¥¢áª®£® ¢à é¥­¨ï á«¥¤ã¥âáâà¥¬¨âìáï ¨á¯®«ì§®¢ âì ¢®§¬®¦­® ¡®«¥¥ ã§ª®¯®«®á­ë¥ á¨áâ¥¬ë ¯à¨¥¬-­¨ª®¢.� á«ãç ¥ ®¡­ àã¦¥­¨ï íää¥ªâ ä à ¤¥¥¢áª®£® ¢à é¥­¨ï ¯«®áª®áâ¨«¥­¥©­®© ª®¬¯®­¥­âë ¯®«ïà¨§ æ¨¨, ­ ¡«î¤ ¥¬ë© ª ª äã­ªæ¨ï ¤«¨­ë¢®«­ë ¬®¦¥â ¡ëâì ¨á¯®«ì§®¢ ­ ¤«ï ¨§¬¥à¥­¨ï ¬ £­¨â­®£® ¯®«ï ¢ ¯« §-¬¥. � ª®© ¬¥â®¤ ¤ ¢­® ¯à¨¬¥­ï¥âáï ª ¨§¬¥à¥­¨î ¬ £­¨â­®£® ¯®«ï ¢ � -« ªâ¨ª¥. �®«¥ ¢­¥è­¨å ç áâ¥© á®«­¥ç­®© ª®à®­ë ¨§¬¥àï¥âáï ¯® ¢à é¥-­¨î ¯«®áª®áâ¨ ¯®«ïà¨§ æ¨¨ ¢­¥è¨å ¨áâ®ç­¨ª®¢, ­ ¡«î¤ ¥¬ëå áª¢®§ìª®à®­ã (­ ¯à¨¬¥à, �à ¡®¢¨¤­®© âã¬ ­­®áâ¨).4.3 �ää¥ªâ �®ââ®­ -�ãâ®­ �ää¥ªâ �®ââ®­ -�ãâ®­  ®¯¨áë¢ ¥â ¨§¬¥­¥­¨¥ á®áâ®ï­¨ï ¯®«ïà¨§ -æ¨¨ ¢  ­¨§®âà®¯­®© ¯« §¬¥ ¢ á«ãç ¥, ª®£¤  à ¡®â ¥â ¯à¨¡«¨¦¥­¨¥ £¥®-¬¥âà¨ç¥áª®© ®¯â¨ª¨, ­® ­¥«ì§ï ¯®«ì§®¢ âìáï ª¢ §¨¯à®¤®«ì­ë¬ ¯à¨¡«¨-¦¥­¨¥¬. �®£¤  ¤«ï ®¯¨á ­¨ï á®áâ®ï­¨ï ¯®«ïà¨§ æ¨¨ ¢ à á¯à®áâà ­ïî-é¥©áï ¢®«­¥ ­ ¬ á«¥¤ã¥â ¯à¥¤áâ ¢¨âì ¥¥ ª ª áã¬¬ã ¤¢ãå ­®à ¬«ì­ëå5



¢®«­ á § ¤ ­­ë¬¨ â¨¯ ¬¨ í««¨¯â¨ç¥áª¨å ¯®«ïà¨§ æ¨©, ®¯à¥¤¥«ï¥¬ë-¬¨ «®ª «ì­ë¬¨ ¯ à ¬¥âà ¬¨ ¯« §¬ë ¨ ­ ¯à ¢«¥­¨¥¬ à á¯à®âà ­¥­¨ï(®â­®á¨â¥«ì­® ­ ¯à ¢«¥­¨ï ¬ £­¨â­®£® ¯®«ï). �«ï íâ®£® ¬ë ¤®«¦­ëà¥è¨âì ãà ¢­¥­¨¥ ¤«ï ª®¬¯«¥ªá­ëå ¢¥ªâ®à®¢ :~E = Ee~ee + Eo~eo; (4:20)£¤¥ ~ee ¨ ~eo | ®àâë, á®®â¢¥âáâ¢¥îé¨¥ ¯®«ïà¨§ æ¨¨ ­®à¬ «ì­ëå ¢®«­ ¨Ee ¨ Eo | ¨å ª®¬¯«¥ªá­ë¥ (â® ¥áâì á ãç¥â®¬ ä §ë)  ¬¯«¨âã¤ë.� «¥¥, ¬ë ®¯¨áë¢ ¥¬ à á¯à®áâà ­¥­¨¥ ¢®«­ ¯® § ª®­ ¬ £¥®¬¥âà¨ç¥-áª®© ®¯â¨ª¨ (á¬. «¥ªæ¨î 3) :~Ee;o = ~E0e;o � ei!c R ne;odl: (4:21)�ª« ¤ë¢ ï ~Ee ¨ ~Eo ¯®á«¥ ¯à®å®¦¤¥­¨ï ç¥à¥§ á®â¢¥âá¢ãîéãî ®¡« áâì¯« §¬ë ¬ë ­ ©¤¥¬ à¥§ã«ìâ â ¥¥ ¢®§¤¥©áâ¢¨ï ­  å àªâ¥à ¯®«ïà¨§ æ¨¨.�â  ¦¥ § ¤ ç  ¬®¦¥â à¥è âìáï ¨ á ¯®¬®éìî ãà ¢­¥­¨© ¯¥à¥­®á  ¤«ï®¡®¡é¥­­ëå ¯ à ¬¥âà®¢ �â®ªá . � §¨á (¥¤¨­¨ç¨­ë¥ ¢¥ªâ®à ) ¤«ï ®¡®¡-é¥­­ëå ¯ à ¬¥âà®¢ �â®ªá  ¢ íâ®¬ á«ãç ¥ ¤®«¦¥­ á®®â¢¥âáâ¢®¢ âì ¯®-«ïà¨§ æ¨¨ ­®à¬ «ì­ëå ¢®«­. �®¦­® ¯à¨ íâ®¬ ¨á¯®«ì§®¢ âì ¬ âà¨æë¯à¥®¡à §®¢ ­¨ï ¢¥â®à -¯ à¬¥âà  �â®ªá  ¯à¨ ¯¥à¥å®¤¥ ®â ®¤­®£® ¡ §¨á ª ¤àã£®¬ã.� á¨«ã £à®¬®§¤ª®áâ¨ ¢ë¢®¤®¢ ¬ë §¤¥áì á®®â¢¥âá¢ãîé¨¥ ¢ëà ¦¥­¨ï­¥ ¯à¨¢®¤¨¬. �¤­ ª® �¨áã­®ª 4.4 ¨««îáâà¨àã¥â ®¤¨­ ¯à®áâ®© á«ãç ©¨§¬¥­¥­¨ï å à â¥à  ¯®«ïà¨§ æ¨ ¯à¨ à á¯à®âà ­¥­¨¨ ¯¥à¢®­ ç «ì­® ¯®-«ïà¨§®¢ ­­®£® ¯® ªàã£ã ¨§«ãç¥­¨ï ¢ ¯®¯¥à¥ç­®¬ ¬ £­¨â­®¬ ¯®«¥ (­®à-¬ «ì­ë¥ ¢®«­ë á®®â¢¥âáâ¢¥­­® ®¡« ¤ îâ «¨­¥©­®© ¯®«ïà¨§ æ¨¥©).

�¨á.4 �ää¥ªâ �ää¥ªâ �®ââ®­ -�ãâ®­  (¯à¨¬¥à ¨§¬¥­¥­¨ï ¯®«ï-à¨§ æ¨¨ ¢®«­ë ¯à¨ à á¯à®áâà ­¥­¨¨ ¯®¯¥à¥ª ¬ £­¨â­®£® ¯®«ï)6



� ¬¥â¨¬, çâ® ¢ ®¡é¥¬ á«ãç ¥ íää¥ªâ  �®ââ®­ -�ãâ®­  ¬¥­ïîâáïª ª í««¨¯â¨ç­®áâì â ª ¨ ­ ¯à ¢«¥­¨¥ ®á¥© í««¨¯á  ¯®«ïà¨§®¢ ­­®©ª®¬¯®­¥­âë. 4.4 �à¥¤¥«ì­ ï ¯®«ïà¨§ æ¨ï� à ¤¥«¥ 4.2 ¬ë ¢¨¤¥«¨, çâ® íää¥ªâ § ¬ëâ¨ï («¨­¥©­®©) ¯®«ïà¨-§ æ¨¨ ®¡ãá«®¢«¥­ ­ àãè¥­¨¥¬ ª®£¥à¥­â­®áâ¨ ®¡ëª­®¢¥­­®© ¨ ­¥®¡ëª-­®¢¥­­®© ¢®«­, ª®£¤  ª®«¥¡ ­¨ï  ¬¯«¨âã¤ ¨ ä § íâ¨å ¢®«­ áâ ­®¢ïâáï­¥ª®àà¥«¨à®¢ ­­ë¬¨. ei�� �! 0; (4:22)£¤¥ �� ¥áâì à §­®áâì ä § ¢®«­ ¤¢ãå â¨¯®¢.�à¥¤¥«ì­®¥ §­ ç¥­¨¥ à §­®áâ¨ ä § §¤¥áì ®¯à¥¤¥«ï¥âáï ãáà¥¤­¥­¨-¥¬ �� ¯® àï¤ã ¯ à ¬¥âà®¢, â ª¨å ª ª ¤«¨­  ¢®«­ë (ç áâ®â ), ¯® â¥-«¥á­®¬ã ã£«ã ¨áâ®ç­¨ª  ¨«¨ ¤¨ £à ¬¬ë ­ ¯à ¢«¥­­®áâ¨  ­â¥­­ë, ¯®¯à®âï¦¥­­®áâ¨ ®¡« áâ¨ £¥­¥à æ¨¨ ¨§«ãç¥­¨ï ¢¤®«ì «ãç . �®¬¡¨­ æ¨ïíâ¨å âà¥å ä ªâ®à®¢ ãáà¥¤­¥­¨ï (¢®§¬®¦­® á ¤®¬¨­¨àãîè¨¬ ¢«¨ï­¨¥¬ª ª®£®-«¨¡® ¨§ ­¨å) ®¡ëç­® ®¯à¥¤¥«ïîâ á¨«ì­ãî â¥­¤¥­æ¨î ª ¯®«ãç¥-­¨î ­ã«¥¢®£® áà¥¤­¥£® §­ ç¥­¨ï exp(i��) = 0. � ª¨¬ ®¡à §®¬, ¡ã¤¥¬áç¨â âì, çâ® ­®à¬ «ì­ë¥ ¢®«­ë ®â ¨áâ®ç­¨ª  ­  �®«­æ¥ ¨«¨ ­  ¤àã£¨å§¢¥§¤ å ¤¥©áâ¢¨â¥«ì­® ¢ëå®¤ïâ ª ª ­¥§ ¢¨á¨¬ë¥ ¯® ä §¥.� â® ¦¥ ¢à¥¬ï  ¬¯«¨âã¤ë ­®à¬ «ì­ëå ¢®«­ ­  ¢ëå®¤¥ ¨§ á®«­¥ç­®© â¬®áä¥àë ¬®£ãâ ¡ëâì à §«¨ç­ë, çâ® ¨ ®¯à¥¤¥«ï¥â ¯®«ïà¨§ æ¨î ¢ëå®-¤ïé¥£® ¨, áâ «® ¡ëâì, ­ ¡«î¤ ¥¬®£® ¨§«ãç¥­¨ï. �â® ®§­ ç ¥â, çâ® â¨¯¯®«ïà¨§ æ¨¨ á®«­¥ç­ëå ¨áâ®ç­¨ª®¢ ¤®«¦¥­ á®¢¯ ¤ âì á â¨¯®¬ ¯®«ï-à¨§ æ¨¨ ®¤­®© ¨§ ­®à¬ «ì­ëå ¢®«­ ¢® ¢­¥è­¨å á«®ïå á®«­¥ç­®©  â¬®-áä¥àë (¯®«ïà¨§ æ¨ï, ¥áâ¥áâ¢¥­­®, ®¡ëç­® ¡ë¢ ¥â ç áâ¨ç­®©). � à ª-â¥à ¯®«ïà¨§ æ¨¨ ­®à¬ «ì­ëå ¢®«­ ª ª äã­ªæ¨¨ ä¨§¨ç¥áª¨å ¯ à ¬¥-âà®¢ ¯« §¬ë (í«¥ªâà®­­®© ª®­æ¥­âà æ¨¨, ­ ¯àï¦¥­­®áâ¨ ¨ ­ ¯à ¢«¥-­¨ï ¬ £­¨â­­®£® ¯®«ï) ã¦¥ ®¡áã¦¤ «¨áì ­ ¬¨ ¢ ­ ç «¥ íâ®© «¥ªæ¨¨.�® ¬¥à¥ ã¤ «¥­¨ï ®â ¯®¢¥àå­®áâ¨ �®«­æ  (¨«¨ ¤àã£®© §¢¥§¤ë) í«¥ª-âà®­­ ï ¯«®â­®áâì ¨ ­ ¯àï¦¥­­®áâì ¬ £­¨â­®£® ¯®«ï ¯ ¤ îâ, ¢ à¥§ã«ì-â â¥ ç¥£® ¬ë ¨¬¥¥¬ !� � ! ¨ !B � !, ¨«¨ X � 1; Y � 1. �®®â¢¥âáâ¢¥­-­® á® áª § ­­ë¬ ¢ à §¤¥«¥ 4.1 ¢ íâ®¬ á«ãç ¥ ¯®«ïà¨§ æ¨ï ­®à¬ «ìë­å¢®«­ ªàã£®¢ ï ¯®çâ¨ ¤«ï «î¡®£® ­ ¯à ¢«¥­¨ï ¬ £­¨â­®£® ¯®«ï. �âã¯®«ïà¨§ æ¨î ¢ à áá¬®âà¥­­®¬ á«ãç ¥ ¢ëå®¤  ¨§«ãç¥­¨ï ¨§  â¬®áä¥àë§¢¥§¤ë ¬ë ­ §ë¢ ¥¬ ¯à¥¤¥«ì­®©. �®®â¢¥âáâ¢¥­­®, ¢ ¡®«ìè¨­áâ¢¥ á«ã-7



ç ¥¢ à ¤¨®¨§«ãç¥­¨¥ ®â �®«­æ  ¨ §¢¥§¤ ¯®«ïà¨§®¢ ­® ¯® ªàã£ã. �á®¡ë¥á¨âã æ¨¨ ¯®ï¢«¥­¨ï «¨­¥©­®© ¯®«ïà¨§ æ¨¨ (â®ç­¥¥ í««¨¯â¨ç­®çâ¨) ¬ë®¡áã¤¨¬ ­¨¦¥. �­¨, ¯à¥¦¤¥ ¢á¥£®, á¢ï§ ­ë á ¢®§¬®¦­ë¬ ­ àãè¥­¨¥¬¯à¨¡«¨¦¥­¨ï £¥®¬¥âà¨ç¥áª®© ®¯â¨ª¨.4.4 � á¯à®áâà ­¥­¨¥ ¢ QT-®¡« áâ¨�®  ­ «®£¨¨ á à áá¬®âà¥­­ë¬ ­ ¬¨ á«ãç ¥¬ ª¢ §¨¯à®¤®«ì­®£® à á-¯à®áâà ­¥­¨ï ¬ë à áá¬®âà¨¬ â ª¦¥ á«ãç © ª¢ §¨®¯¥à¥ç­®£® à á¯à®-áâà ­¥­¨ï (QT-propagation), ª®£¤  ¢®«­  à á¯à®áâà ­ï¥âáï ¯®çâ¨ ¯¥à-¯¥­¤¨ªã«ïà­® ¬ £­¨â­®¬ã ¯®«î. �®«ïà¨§ æ¨ï ­®à¬ «ì­ëå ¢®«­ ¢ íâ®¬á«ãç ¥ «¨­¥©­ ï, ¯à¨ç¥¬ í«¥ªâà¨ç¥áª¨© ¢¥ªâ®à ®¡ëª­®¢¥­­®© ¢®«­ë«¥¦¨â ¢ ¯«®áª®áâ¨ ¬ £­¨â­®£® ¯®«ï,   ­¥®¡ëª­®¢¥­­®© | ¯¥à¯¥­¤¨ªã-«ïà¥­ ª ­¥©. �«ãç © ª¢ §¨¯®¯¥à¥ç­®£® à á¯à®áâà ­¥­¨ï ­¥ ¢áâà¥ç ¥âáïâ ª ç áâ®, ª ª ª¢ §¨à®¤®«­®£®, ¢ á¨«ã â®£®, çâ® ®­ ®å¢ âë¢ ¥â á® ¢-­¨â¥«ì­® ã§ª¨© ¨­â¥à¢ « ã£«®¢ � ­ ¯à ¢«¥­¨© ¬¥¦¤ã ­ ¯à ¢«¥­¨ï¬¨à á¯à®áâà ­¥­¨ï ¢®«­ë ¨ ¬ £­¨â­®£® ¯®«ï (¯à¨ áà ¢­¨â¥«ì­® ¬ «ëå­ ¯àï¦¥­®áâïå ¬ £­¨â­®£® ¯®«ï). �¥¦¤ã â¥¬ ¯à¨¡«¨¦¥­¨¥ ª¢ §¨¯à®-¤®«ì­®£® à á¯à®áâà ­¥­¨ï áãé¥áâ¢¥­­® ¨á¯®«ì§ã¥âáï ¯à¨  ­ «¨§¥ ¨§-¬¥­¥­¨ï á®áâ®ï­¨ï ¯®«ïà¨§ æ¨¨ ¯à¨ à á¯à®áâà ­¥­¨¨ ¢®«­ë ¯®¯¥à¥ª¬ £­¨â­®£® ¯®«ï. � ª ¬ë ã¢¨¤¨¬ ­¨¦¥, ­  íâ®¬  ­ «¨§¥ ¡ §¨àã¥âáï¨­â¥à¥á­ë© ¬¥â®¤ ¨§¬¥à¥­¨ï ¬ £­¨â­ëå ¯®«¥© ¢ á®«­¥ç­®© ª®à®­¥.�«ï ¨§®âà®¯­®© áà¥¤ë (¢ ç áâ­®áâ¨, ¯« §¬ë) ãá«®¢¨¥ ¯à¨¬¥­¨¬®-áâ¨ ¯à¨¡«¨¦¥­¨ï £¥®¬¥âà¨ç¥áª®© ®¯â¨ª¨ ¬®¦­® ¯à¥¤áâ ¢¨âì ¢ ¢¨¤¥ (á¬.� §¤¥« 3.3) : @�@l � L� 1 (4:23)£¤¥ L | «¨­¥©­ë© ¬ áèâ ¡ ­¥®¤­®à®¤­®áâ¨. �¤¥áì ¬ë ãç«¨, çâ® @�@l = k| (®¯à¥¤¥«¥­¨¥ ¢®«­®¢®£® ç¨á«  ¢ ¯à¨¡¤¨¦¥­¨¨ £¥®¬¥âà¨ç¥áª®© ®¯â¨-ª¨). � ª¨¬ ®¡à §®¬, ãá«®¢¨¥ (4.23) ¯à®áâ® ®§­ ç ¥â, çâ® å à ªâ¥à­ë©à §¬¥à ­¥®¤­®à®¤­®áâ¥© ¯« §¬ë ¤®«¦¥­ áãé¥áâ¢¥­­® ¯à¥¢®áå®¤âì ¤«¨-­ã ¢®«­ë ¢ ¯« §¬¥.�¤­ ª® ¤«ï á«ãç ï  ­¨§®âà®¯­®© ¯« §¬ë íâ® ãá«®¢¨¥ ®â­î¤ì ­¥ï¢«ï¥âáï ¤®áâ â®ç­ë¬. �ë ¤®«¦­ë ¯®âà¥¡®¢ âì, çâ®¡ë à §¬¥à ­¥®¤-­®à®¤­®áâ¨ ¯à¥¢®áå®¤¨« ­¥ â®«ìª® ¤«¨­ã ¢®«­ë ¤«ï ª ¦¤®© ¬®¤ë, ­®â ª¦¥ ¨ ¬ áèâ ¡ ­ ¡¥£  à §­®áâ¨ ä § ¬¥¦¤ã ­¨¬¨ :8



@��@l � L� 1 (4:24)�¥«® ¢ â®¬, çâ® ¢ ¯à¥¤¥« å L, £¤¥ ä §ë ®¡¥¨å ¢®«­ ­¥ à §«¨ç îâáï§­ ç¨â¥«ì­®, ¨å ­¥«ì§ï áç¨â âì à §«¨ç­ë¬¨ â¨¯ ¬¨. �®£¤  ®¡¥ ¬®¤ë ­¥¬®£ãâ ¡ëâì à §¤¥«¥­ë ¨, áâ «® ¡ëâì, à áá¬ âà¨¢ âìáï ª ª à §«¨ç­ë¥â¨¯ë ¢®«­.�¥¯¥àì ¢¥à­¥¬áï ª ¯à®¡«¥¬¥ à á¯à®áâà ­¥­¨ï ¢®«­ë ¢ QT-®¡« áâ¨(á¬. �¨áã­®ª 4.4). �áì z á®¢¯ ¤ ¥â ¯® ­ ¯à ¢«¥­¨î á ­ ¯à ¢«¥­¨¥¬ à á-¯à®áâà ­¥­¨ï ¢®«­ë ~k, ¨ ®áì y ­ ¯à ¢«¥­  ¢¤®«ì ­ ¯à ¢«¥­¨ï ¯®¯¥à¥ç-­®£® ¬ £­¨â­®£® ¯®«ï. � áá¬ âà¨¢ ¥¬®¥ ¬ £­¨â­®¥ ¯®«¥ ¢ ®¡é¥¬ á«ãç ¥ï¢«ï¥âáï à áå®¤ïé¨¬áï (¬ £­¨â­ë¥ «¨­¨¨ ­¥ ¯ à ««¥«ì­ë ¤àã£ ¤àã£ã).� ª¨¬ ®¡à §®¬, ­¨¦¥ ¨ ¢ëè¥ ­ ç «  ¢ë¡à ­­®© ­ ¬¨ á¨áâ¥¬ë ª®®à¤¨-­ â ¨¬¥¥âáï â ª¦¥ ­¥­®«¥¢ ï ª®¬¯®­¥­â  ¬ £­¨â­®£® ¯®«ï ¢¤®«ì ®á¨z. �­  ¬¥­ï¥â §­ ª (­ ¯à ¢«¥­¨¥) ¯à¨ ¯¥à¥å®¤¥ ¨§ ¢¥àå­¥© ¯®«ã¯«®á-ª®áâ¨ ¢ ­¨¦­îî. �§¬¥­¥­¨¥ §­ ª  ¯à®¤®«ì­®© ª®¬¯®­¥­âë ¢­¥è­¥£®¬ £­¨â­®£® ¯®«ï ¯®¤à §ã¬¥¢ ¥â, çâ® ¢ á«ãç ¥ ¯à¨¬¥­¨¬®áâ¨ ¯à¡«¨¦¥-­¨ï £¥®¬¥âà¨ç¥áª®© ®¯â¨ª¨ §­ ª ¯®«ïà¨§ æ¨¨ (­ ¯à ¢«¥­¨¥ ¢à é¥­¨ïí«¥ªâà¨ç¥áª®£® ¢¥ªâ®à  ¢®«­ë) ¤«ï ­®à ¬«ì­ëå ¬®¤ ¯à¨ ¯¥à¥á¥ç¥­¨¨QT-®¡« áâ¨ â ª¦¥ ¤®«¦¥­ ¬¥­ïâìáï.�â® § ª«îç¥­¨¥ á«¥¤ã¥â ¨§ ãâ¢¥à¦¤¥­¨ï, çâ® ¢áî¤ã, £¤¥ ¤¥©á¢ã¥â¯à¨¡«¨¦¥­¨¥ £¥®¬¥âà¨ç¥áª®© ®¯â¨ª¨, ®¡ëª­®¢­­ ï ¢®«­ ¤®«¦­  ®áâ -¢ âìáï ®¡ëª­®¢¥­­®©, (¢ ç áâ­®áâ¨, ¢ á ¬®© QT-®¡« áâ¨, £¤¥ Bz = 0, ®­ ¤®«¦­  áâ âì «¨­¥©­® ¯®«ïà¨§®¢ ­­®©).� ª ï á¨âã æ¨ï á ¨§¬¥­¥­¨¥¬ å à ªâ¥à  ¯®«ïà¨§ æ¨¨ ­¥ ¬®¦¥â ¨¬¥âì¬¥áâ® ®¤­ ª® ¤«ï ¢®«­ë «î¡®© ç áâ®âë. � á ¬®¬ ¤¥«¥, ¤«ï ¢®«­ë ¤®-áâ â®ç­® ¡®«ìè®© ç áâ®âë ¯à¨ ¬ «®© ¯«®â­®á¨ ¨ ­ ¯àï¦¥­­®áâ¨ ¯®«ï¢«¨ï­¨¥¬ ¯« §¬ë ­  ¥¥ à á¯à®âà ­¥­¨¥ ¬®¦­® ¯à ªâ¨ç¥áª¨ ¯à¥­¥¡à¥çì.�­ë¬¨ á«®¢ ¬¨, ¯à¨ ¤®áâ â®ç­® ¬ «ëå X ¨ Y ®¯¨á ­­ë¥ ¢ëè¥ ¨§¬¥-­¥­¨ï á®áâ®ï­¨ï ªàã£®¢®© ¯®«ïà¨§ æ¨¨ á ¨§¬¥­¥­¨¥¬ ­ ¯à ¢«¥­¨ï ¢à -é¥­¨ï ­¥ ¡ã¤¥â ¯à®¨áå®¤¨âì (á«ãç © à á¯à®áâà ­¥­¨ï ¢®«­ë ¢ ¢ ªãã¬¥,£¤¥ ¢®«­ë à á¯à®áâà ­ïîâáï ­¥§ ¢¨á¨¬® ¤àã£ ®â ¤àã£  ¨ ®â ¢­¥è­¥£®¬ £­¨â­®£® ¯®«ï, á®£« á­® ®¤­®à®¤­®£® å à ªâ¥à  ãà ¢­¥­¨© � ªá¢¥«-«  ¢ ¯ãáâ®â¥). �  �¨áã­ª¥ 4.4 íâ®â á«ãç © à á¯à®áâà ­¥­¨ï ¢®«­ë ¯®-ª § ­ á­¨§ã. �§ áª § ­­®£® ¬®¦­® § ª«îç¨âì, çâ® ¤®«¦­  áãé¥áâ¢®-¢ âì ªà¨â¨ç¥áª ï ç áâ®â  ft (¤«¨­  ¢®«­ë �t), ®¯à¥¤¥«ïîé ï £à ­¨-æã ¤¢ãå ®¯¨á ­­ëå ¯à¥¤¥«ì­ëå á«ãç ¥¢. �®á¯®«ì§ã¥¬áï ãá«®¢¨¥¬ (4.24)¤«ï ®æ¥­ª¨ ¥¥ §­ ç¥­¨ï. 9



�ëà ¦¥­¨ï ¤«ï ª®íää¨æ¨¥­â®¢ ¯à¥«®¬«¥­¨ï ¢ QT-®¡« áâ¨ (á¬ ä®à-¬ã«ã (3.36)¯à¥¤ë¤ãé¥© «¥ªæ¨¨) ¨¬¥îâ ¢¨¤ (á«ãç © | jRoj � 1 ¤«ï®¡ëª­®¢¥­­®© ¢®«­ë ¨ | jRej � 1 ¤«ï ­¥®¡ëª­®¢¥­­®©) :n2o = 1�Xn2e = 1� X1�Y 2T � 1�X �XY 2T (4:25)
�¨á.5� á¯à®áâà ­¥­¨¥ ­®à¬ «ì­ëå ¢®«­ ¢ QT-®¡« áâ¨.�âáî¤  á«¥¤ã¥â, çâ® �n = no � ne � 12XY 2T (4:2)�¥¯¥àì ¬ë ¬®¦¥¬ ®æ¥­¨âì ¯®«®¦¥­¨¥ ¯à¥¤¥«®¢ QT-®¡« áâ¨ ­  ®á¨ z¨§ ãá«®¢¨ï � � 1. �­® ®¯à¥¤¥«ï¥â £à ­¨æã ®¡« áâ¨, £¤¥ ­ ª«®­ ¬ £­¨â-­®£® ¯®«ï �0 ª ¯¥à¯¥­¤¨ªã«ïà­®¬ã ­ ¯à ¢«¥­¨î ®â­®á¨â¥«ì­® à á¯à®-áâà ­ïîé¥©áï ¢®«­ë â ª®¢, çâ®¯®«ïà¨§ æ¨ï ­®à¬ «ì­ëå ¢®«­ ã¦¥ ­¥ï¢«ï¥âáï «¨­¥©­®©. Y2 � 1cos(�2 � �0) = 1; (4:27)£¤¥ ã£®« �0 ¥áâì ã£®« ¬¥¦¤ã ¬ £­¨â­ë¬ ¯®«¥¬ ¨ ­ ¯à ¢«¥­¨¥¬ ¯®¯¥à¥ç-­®£® à á¯à®áâà ­¥­¨ï ¢ ¤ ­­®© â®çª¥. �â® ãá«®¢¨¥ ¬®¦­® â ¦¥ ¯¥à¥¯¨-á âì ¢ ¢¨¤¥ : �0 � Y2 (4:28)�à¨ á« ¡®¬ ¬ £­¨â­®¬ ¯®«¥ ¯®«ïà¨§ æ¨ï ­®à¬ «ì­ëå ¢®«­ ¢áî¤ã¡«¨§ª  ª ªàã£®¢®© §  ¨áª«îç¥­¨¥¬ ­¥¡®«ìè®© ®¡« áâ¨ QT- à á¯à®áâà -­¥­¨ï, £¤¥ ®â«¨ç¨¥ ®â á«ãç ï ¯®¯¥à¥ç­®£® à á¯à®áâà ­¥­¨ï ¯® ã£«ã ­¥¯à¥¢®áå®¤¨â ¢¥«¨ç¨­ë, ¤ ¢ ¥¬®© ä®à¬ã«®© (4.26). � ª¨¬ ®¡à §®¬, ãá«®-¢¨¥ (4.22) ¬®¦­® § ¯¨á âì ¢ ¢¨¤¥ 10



L ��k = !4c � XY 3d�=dz � 1 (4:29)� ª¨¬ ®¡à §®¬ å à ªâ¥à­ ï ¤«¨­  QT-®¡« áâ¨ ®¯à¥¤¥«ï¥âáï ¢ëà -¦¥­¨¥¬ :  L � Y=2d�=dz (4:30)� à ªâ¥à­ë© ¬ áèâ ¡ à áå®¤¨¬®áâ¨ ¬ £­¨â­®£® ¯®«ï ­ å®¤¨¬ ª ªLB � �d�dz ��1 (4:31)� «¥¥, çâ®¡ë ­ ©â¨ ªà¨â¨ç¥áªãî ç áâ®âã ft(!t) ­ ¯¨è¥¬ :!2�!3BLB4c!4t � 1 (4:32)� ãç¥â®¬ §­ ç¥­¨© ä¨§¨ç¥áª¨å ¯®áâ®ï­­ëå ä®à¬ã«ã (4.30) ¬®¦­®¯¥à¥¯¨á âì ¢ á«¥¤ãîé¥¬ ¢¨¤¥ :ft = [2 � 1017 �NB3LB]1=4 (4:33)�â  ä®à¬ã«  ¬®¦¥â ¡ëâì ¨á¯®«ì§®¢ ­  ¤«ï ¨§¬¥à¥­¨ï ¬ £­¬â­®£®¯®«ï ¢ QT-®¡« áâ¨ ¢ á«ãç ¥, ª®£¤  ­ ¡«î¤ ¥âáï ¨­¢¥àá¨ï §­ ª  ¯®«ï-à¨§ æ¨¨ ¯® ¤¨ ¯ §®­ã. �®âï ªà¨â¨ç¥áª ï ç áâ®â  (¨«¨ ¤«¨­  ¢®«­ë)§ ¢¨áïâ ­¥ â®«ìª® ®â ­ ¯àï¦¥­­®áâ¨ ¯®«ï, ­® ¨ ®â í«¥ªâà®­­®© ª®­-æ¥­âà æ¨¨ Ne,   â ª¦¥ ®â å à ªâ¥à­®£® ¬ áèâ ¡  à áå®¤¨¬®áâ¨ ¯®«ïLB. �¤­ ª® íâ¨ ¯ à ¬¥âàë ¯« §¬ë ¢å®¤ïâ ¯®¤ §­ ª®¬ ª®à­ï ç¥â¢¥àâ®©áâ¥¯¥­¨, ¢ â® ¢à¥¬ï ª ª § ¢¨á¨¬®áâì ®â ­ ¯àï¦¥­­®áâ¨ ¯®«ï ¯®çâ¨ «¨-­¥©­ ï ft / B3=4. � ª®© ¬¥â®¤ ®ª § «áï ¤¥©áâ¢¨â¥«ì­® ¯à¨¬­¨¬ë¬ ¢àï¤¥ á«ãç ¥¢ ª  ­ «¨§ã ¬ £­¨â­ëå ¯®«¥© ¢ á®«­¥ç­®© ª®à®­¥ ­ ¤  ª-â¨¢­ë¬¨ ®¡« áâï¬¨ �®«­æ .�®«¥¥ ¤¥â «ì­ë© ª®«¨ç¥áâ¢¥­­ë©  ­ «¨§ ¯®§¢®«ï¥â ¯®«ãç¨âì á«¥¤ã-îéãî § ¢¨á¨¬®áâì ¨§¬¥­¥­¨ï áâ¥¯¥­¨ ªàã£®¢®© ¯®«ïà¨§ æ¨¨ ®â ç áâ®âë¯à¨ ¯à®å®¦¤¥­¨¨ ¢®«­®© QT-®¡« áâ¨ :P = P�(�1 + 2e��) (4:34)
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£¤¥ � = �!2L!3B8c!4jd�dz j = 2:27 � 1020 NB3!4jd�dz j (4:335)¨«¨ � = 1:455 � 1017NB3LBf 4 = 1:802 � 10�25NB3LB�4 (4:34)�§-§  á¨«ì­®©, íªá¯®­¥­æ¨ «ì­®© § ¢¨á¨¬®áâ¨ ¢¥«¨ç¨­ë áâ¥¯¥­¨ ¯®-«ïà¨§ æ¨¨ ®â � ¢ ä®à¬ã«¥ (4.31) ¬®¦­® ®¦¨¤ âì, çâ® íää¥ªâ ¨­¢¥àá¨¨¡ëáâà® ¨¥­ï¥âáï á ¤«¨­®© ¢®«­ë. �â® ¤¥©áâ¢â¥«ì­® ­ ¡«î¤ ¥âáï ¢ àï¤¥á«ãç ¥¢ ¨­¢¥àá¨¨ §­ ª  ¯®«ïà¨§ æ¨¨ ®â¤¥«ì­ëå ª®¬¯®­¥­â «®ª «ì­ëå¨áâ®ç­¨ª®¢ à ¤¨®¨«ãç¥­¨ï  ªâ¨¢­ëå ®¡« áâ¥© �®«­æ . � ª ï á¨«ì­ ï§ ¢¨á¨¬®áâì ®¯à¥¤¥«ï¥â ¢ëá®ªãî â®ç­®áâì ¨§¬¥à¥­¨ï ¬ £­¨â­®£® ¯®«ï¢ ®¡« áâ¨ ª¢ §¨®¯¥à¥ç­®£® à á¯à®áâà ­¥­¨ï ¢®«­ë ¢ á®«­¥ç­®© ª®à­¥¯® ¨§¬¥à¥­¨ï¬ ªà¨â¨ç¥áª®© ¢®«­ë ¢ á¯¥ªâà¥ á ¨­¢¥àá¨¥©. �à¨¬¥à â ª®-£® á«ãç ï ¯à¨¢¥¤¥­ ­  �¨áã­ª¥ 4.5.
�¨á.4.5� ¢¨á¨¬®áâì ¯®«ïà¨§®¢ ­­®£® á¨£­ «  ®â ¤«¨­ë ¢®«­ë ¤«ï¨áâ®ç­¨ª  ­ ¤ á®«­¥ç­ë¬ ¯ïâ­®¬. �§¬¥­¥­¨¥ §­ ª  ¯®«ïà¨§ æ¨¨ ­ ¢®«­¥ �t ®¡ãá«®¢«¥­  ¢«¨ï­¨¥¬ QT-®¡« áâ¨.
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��������� ������������ ���������������¥ªæ¨ï 5�¥¬  : ��������� �������� ����������®«ïà¨§ æ¨ï ­®à¬ «ì­ëå ¢®«­�§«ãç¥­¨¥, ¢®§­¨ª îé¥¥ ¯à¨ áâ®«ª­®¢¥­¨ïå í«¥ªâà®­®¢ á ¨®­ ¬¨ï¢«ï¥âáï ­ ¨¡®«¥¥ ç áâ® ¢áâ¥ç îé¨¬áï á«ãç ¥¬ â¥¯«®¢®£® ¬¥å ­¨§-¬  £¥­¥à æ¨¨ à ¤¨®¢®«­ ª®á¬¨ç¥áª®© ¯« §¬®©. �â®â ¬¥å ­¨§¬ ¯à¨­ï-â® ­ §ë¢ âì â®à¬®§­ë¬ (¢ ¬¨à®¢®© «¨â¥à âãà¥ ¨á¯®«ì§ã¥âáï â¥à¬¨­bremsstrahlung).� ¬¥â¨¬, çâ® áâ®«ª­®¢¥­¨¥ ¤¢ãå ®¤¨­ ª®¢ëå ç áâ¨æ ­¥ ¯à¨¢®¤¨â ª¨§«ãç¥­¨î,â ª çâ®, ­ ¯à¨¬¥à, í«¥ªâà®­­®-í«¥ªâà­­ë¥ áâ®«ª­®¢¥­¨ï ¬ë­¥ ¡ã¤¥¬ ¯à¨­¨¬ âì ¢® ¢­¨¬ ­¨¥. �ë â ª¦¥ ­¥ ¡ã¤¥¬ ãç¨âë¢ âì ¨®­­®-¨®­­ë¥ áâ®«ª­®¢¥­¨ï, ¤ ¦¥ à §«¨ç­ëå ¨®­®¢, ¯®áª®«ìªã ¨å ¡®«ìè ï¬ áá  ®£à ­¨ç¨¢ ¥â ¢¥«¨ç¨­ã ãáª®à¥­¨ï ¨ ¯® áà ¢­¥­¨î á í«¥ªâà®­ ¬¨¨å ®¦¨¤ ¥¬ë© ¢ª« ¤ ¢ ¨§«ãç ¥¬ãî ¬®é­®áâì ¬ «.�ãé¥áâ¢ãîâ ¤¢  ¯®¤å®¤  ª ¢ë¢¤ã ®á­®¢­ëå ä®à¬ã«, ®¯¨áë¢ îé¨å¢¥«¨ç¨­ã â®à¬®§­®£® ¨§«ãç¥­¨ï : (1) ¤«ï ­ å®¦¤¥­¨ï  ¬¯«¨âã¤ë ¨§«ã-ç ¥¬®© ¢®«­ë ¬ë  ­ «¨§¨àã¥¬ ãáª®à¥­¨¥, ¨á¯ëâë¢ ¥¬®¥ í«¥ªâà®­®¬,ª®£¤  ®­ ¢ å®¤¥ áâ®«ª­®¢¥­¨ï ¯à¨¡«¨¦ ¥âá ª ¨®­ã ¨ (2) ¬ë ¨é¥¬ ¢¥-«¨ç¨­ã ®á« ¡«¥­¨ï ¢®«­ë, å à ªâ¥à¨§ãîéãî ¥¥ ª®íää¨æ¨¥­â ¯®£«®-é¥­¨ï, ¨§ ª®â®à®£® § â¥¬ ¯® § ª®­ã �¨àå£®ää  ¬®¦¥¬ â ª¦¥ ­ ©â¨¨§«ãç â¥«ì­ãî á¯®á®¡­®áâì ¯« §¬ë.5.1 �§«ãç â¥«ì­ ï á¯®á®¡­®áâì â¥¯«®¢®© ¯« §¬ë� ç­¥¬ á ®¯¨á ­¨ï ã¯à®é¥­­®£® ¢ë¢®¤  ¢ëà ¦¥­¨ï ¤«ï ¨§«ãç â¥«ì-­®© á¯®á®¡®­®áâ¨ â¥¯«®¢®£® â®à¬®§­®£® ¨§«ãç¥­¨ï ¯« §¬ë. �â® ­ ¬ ¯®-§¢®«¨â ¯à®¤¥¬®­áâà¨à®¢ âì áãâì ä¨§¨ç¥áª®£® ¯à®æ¥áá  â®à¬®§­®£® ¨§-«ãç¥­¨ï.�áª®à¥­¨¥ í«¥ªâà®­  ¯à¨ ¥£® áâ®«ª­®¢¥­¨¨ á ¨®­®¬ ®¯à¥¤¥«ï¥âáï á¨-«®© �ã«®­  : m�~r = �e ~E = (�e)(Ze)r2 ~rr (5:1)�¤¥áì �e | § àï¤ í««¥ªâà®­  ¨ Ze | § àï¤ ¨®­ , ¢¥ªâ®à ~r á®¥¤¨­ï¥âí«¥ªâà®­ á ¨®­®¬. �á«¨ áç¨â âì ¬ ááã ¨®­  ®ç¥­ì ¡®«ìè®©, ¢§ ¨¬®¤¥©-1



áâ¢¨¥, ®¯¨áë¢ ¥¬®¥ íâ®© á¨«®©, ­¥ ¨§¬¥ï¥â ¢¥«¨ç¨­ë áª®à®áâ¨ í«¥ªâà®-­ ,   â®«ìª® ¥¥ ­ ¯à ¢«¥­¨¥ (á¬. �¨á.5.1). � ¤¥©áâ¢¨â¥«ì­®áâ¨ ª®­¥ç­®­¥¡®«ìè ï ç áâì í­¥à£¨¨ ¯¥à¥¤ ¥âáï ¨®­ã ¨ ç áâì ¯¥à¥å®¤¨â ¢ í«¥ªâà®-¬ £­¨â­®¥ ¨§«ãç¥­¨¥ ; ®¡®¨¬¨ íâ¨¬¨ íää¥ªâ ¬¨ ¬ë á¥©ç á ¯à¥­¥¡à¥­ -¥¬. � ª ­ §ë¢ ¥¬®¥ ¤¨¯®«ì­®¥ ¨§«ãç¥­¨¥ (¯à¨¡«¨¦¥­¨¥, á¯à ¢¥¤«¨¢®¥¯à¨ ¬ «ëå áª®à®áâïå ¤¢¨¦¥­¨ï) ¯®«­®áâìî ®¯¨áë¢ ¥âáï ãáª®à¥­¨¥¬ § -àï¦¥­­ëå ç áâ¨æ. �­ à£¨ï, ¨§«ãç ¥¬ ï ¢ ¥¤¨­¨æã ¢à¥¬¥­¨, § àï¤®¬ e(¢ ­ è¥¬ á«ãç ¥ í«¥ªâà®­®¬) à ¢­ �1 = 2e2w23c3 ; (5:2)£¤¥ w | ãáª®à¥­¨¥ ç áâ¨æë ¨ �1 | ¯®«­ ï í­¥à£¨ï £¥­¥à¨àã¥¬®£® ¨§«ã-ç¥­¨ï. �á¯®«ì§ãï (5.1) çâ®¡ë ­ ©â¨ ãáª®à¥­¨¥ w = Ze2mr2, ¬ë ¯®«ãç -¥¬ ¢ëà ¦¥­¨¥ ¤«ï í­¥à£¨¨, ¨§«ãç ¥¬®© ¢ ¥¤¨­¨æã ¢à¥¬¥­¨ :�1 = 2Z2e63m2c3r4 (5:3)

�¨áã­®ª 5.1 �¢¨¦¥­¨¥ í«¥ªâà®­  ¢ í«¥ªâà¨ç¥áª®¬ ¯®«¥ ¨®­  ¨ ®¦¨-¤ ¥¬®¥ ¨§«ãç¥­¨¥ ª ª äã­ªæ¨ï ¢à¥¬¥­¨�áª®à¥­¨¥ ¯à®¤®«¦ ¥âáï ¢ â¥ç¥­¨¥ ¢à¥¬¥­¨, ¯®ª  ç áâ¨æë ­ å®¤ïâ-áï ­  à ááâ®ï­¨¨, áà ¢­¨¬ë¬ á ¯ à ¬¥âà®¬ áâ®«ª­®¢¥­¨© p, â® ¥áâì¬¨­¨¬ «ì­ë¬ à ááâ®ï­¨¥¬ ­ «¥â îé¥© ç áâ¨æë ¤®  áá¨¬¯â®â¨ª¨ ®à-¡¨âë. �â® ¢à¥¬ï ¬®¦­® ®æ¥­¨âì ª ª �t � �p=v, £¤¥ v | áª®à®áâìí«¥ªâà®­ . � ª¨¬ ®¡à §®¬ è¨à¨­  á¯¥ªâà  ¨§«ãç¥­­®£® ¨¬¯ã«ìá  �! �(�t)�1v=�p. �ç¨â¢ ï ä®à¬ã«ã (5.3), ¬ë ¯®«ãç ¥¬ ¢ëà ¦¥­¨¥ ¤«ï á¯¥ª-âà «ì­®© ¯«®â­®áâ¨ í­¥à£¨¨ ¨§«ãç ¥¬®© ¢®«­ë :�1! = �1�! = 2�pZ2e63m2c3p4v (5:4)2



� íâ®© ä®à¬ã«¥ ¬ë ã¦¥ ¢¨¤¨¬ â¨¯¨ç­ãî ¤«ï à áá¬ âà¨¢ ¥¬®£® ¬¥-å ­¨§¬  § ¢¨á¨¬®áâì ®â Z2e6, â® ¥áâì ®â ª¢ ¤à â  § àï¤®¢®£® ç¨á«  ¨®­ .�¯¥ªâà «ì­ ï ¯«®â­®áâì ¨§«ãç¥­¨ï ®¡à â­  ¯à®¯®àæ¨®­ «ì­  áª®à®áâ¨í«¥ªâà®­  v, â® ¥áâìpT (T | í«¥ªâà®­­ ï â¥¬¯¥à âãà ). � §­ ¬¥­ â¥«ìª®­áâ ­âë â ª¦¥ ¢å®¤¨â å à ªâ¥à­®¥ á®ç¥â ­¨¥ m2c3. �â¬¥â¨¬ â ª¦¥,çâ® ª®íää¨æ¨¥­â ¨§«ãç¥­¨ï ­¥ § ¢¨á¨â ®â ç áâ®âë. �®á«¥¤­¥¥ ¢¥à­®â®«ìª® ¢ ¤«¨­­¢®«­®¢®© ç áâ¨ á¯ªâà  (â® ¥áâì ¤«ï à ¤¨®¢®«­) ¨ ®¡-ãá«®¢«¥­® â¥¬, çâ® ¨¬¯ã«ìá ¢§ ¬®¤¥©áâ¢¨ï áç¨â ¥âáï ­ ¬¨ ¤®áâ â®ç­®ª®à®âª¨¬ : �t ¬­®£® ¬¥­ìè¥ ¯¥à¨®¤  ¢®«­ë.�®áª®«ìªã à¥çì ¨¤¥â ¯®ª  ® ¯ à­ëå áâ®«ª­®¢¥­¨ïå, â® ç¨á«® áâ®«ª-­®¢¥­¨© ¢ ¥¤¨­¨æ¥ ®¡ê¥¬  ¤®«¦­® ¡ëâì ¯à®¯®àæ¨®­ «ì­® ª ª ç¨á«ã ¨§-«ãç îé¨å ç áâ¨æ í«¥ªâà®­®¢ Ne, â ª ¨ ç¨á«ã ç áâ¨æ, á ª®â®àë¬¨ ®­¨áâ «ª¨¢ îâáï Ni ¨ ª®â®àë¥ ï¢«ïîâáï ¯à¨ç¨­®© ¨å ãáª®à¥­¨ï. � ¤¥©-áâ¢¨â¥«ì­®áâ¨ á¨«  �ã«®­  ï¢«ï¥âáï ¢¥áì¬  ¤ «ì­®¤¥©áâãîé¥© ¨ á«¥-¤ã¥â ãç¨âë¢ âì ¢§ ¨¬®¤¥©áâ¢¨¥ ¢á¥å ç áâ¨æ, ­ å®¤ïé¨åáï ¢ ¯à¥¤¥« å¤¥¡ ¥¢áª®£® à ¤¨ãá . �à¨ íâ®¬ ®ª §ë¢ ¥âáï, çâ® ®á­®¢­®© ¢ª« ¦ ¢ ¨§-«ãç¥­¨¥ ¢­®áïâ ­¥ à áá¬®âà¥­­ë¥ ­ ¬¨ á¥©ç á ¯ à­ë¥ áâ®«ª­®¢¥­¨ï,  ¤ «¥ª¨¥ ¢§ ¨¬®¤¥©áâ¢¨ï, ®¤­®¢à¥¬¥­­® á ¡®«ìè¨¬ ç¨á«®¬ ç áâ¨æ.� á«¥¤ãîé¥¬ à §¤¥«¥ ¬ë ¯à¨¢¥¤¥¬ ¡®«¥¥ ¤¥â «ì­ë© ¢ë¢®¤ ä®à¬ã«,¡ §¨àãîé¨©áï ­  à áá¬®âà¥­¨¨ ¯à®æ¥áá  ¯®£«®é¥­¨ï ¢®«­ë,   ­¥ ¨§«ã-ç¥­¨ï.5.2 �®íää¨æ¨¥­â ¯®£«®é¥­¨ï ¤«ï â¥¯«®¢®© ¨§®âà®¯­®© ¯« §¬ë�«ï ¯®«ãç¥­¨ï ¢ëà ¦¥­¨ï ¤«ï ª®íää¨æ¨¥­â  ¯®£«®é¥­¨ï ¬ë ¨á-¯®«ì§ã¥¬ â®â ¦¥ ¬¥â®¤, á ¯®¬®éìî ª®â®à®£® ¯®«ãç¨«¨ ä®à¬ã«ë ¤«ï ª®-íää¨æ¨¥­â  ¯à¥«®¬«¥­¨ï (á¬. �¥ªæ¨î 3). �¤­ ª® ¢ ¤ ­­®¬ á«ãç ¥ ª®-íää¨æ¥­â ¯à¥«®¬«¥­¨ï áâ ­®¢¨âáï ª®¬¯«¥ªá­®© ¢¥«¨ç¨­®©, á ®â«¨ç­®©®â ­ã«ï ª ª ¬­¨¬®© â ª ¨ ¢¥é¥áâ¢¥­­®© ç áâìî. �ç¥â ¢«¨ï­¨ï áâ®«ª­®-¢¥­¨© ¢ª«îç ¥âáï ¢ ãà ¢­¥­¨¥ ¤¢¨¦¥­¨ï í«¥ªâà®­  ¯®¤ ¤¥©áâ¢¨¥¬ ¯®«ï¢®«­ë, £¤¥ á®®â¢¥âá¢ãîé¨© ç«¥­ ®¯à¥¤¥«ï¥â í­¥à£¨î, § ¡¨à ¥¬ãî ®â¢®«­ë ¨ ¯¥à¥å®¤ïéãî ¢ ª®­¥ç­®¬ áç¥â¥ ¢ â¥¯«®¢®¥ ¤¢¨¦¥­¨¥ í«¥ªâà®-­®¢. � à¥§ã«ìâ â¥ íâ®£® ¯à®æ¥áá  ¢®«­  § âãå ¥â.�ë ­ ç­¥¬ á à áá¬®âà¥­¨ï á«ãç ï ¨§®âà®¯­®© ¯« §¬ë ¨ ¯®«ãç¨¬á®®â­®è¥­¨¥ ¤«ï ª®íä¨æ¨¥­â  ¯à¥«®¬«¥­¨ï,  ­ «®£¨ç­®¥n2 = 1� 4�N2em!2 = 1� !20!2 ; (3:15). 3



�à ¢­¥­¨¥ ¤¢¨¦¥­¨ï í«¥ªâà®­  ¢ ¯®«¥ ¢®«­ëm�~r = �e ~E (3:11)( ­ «®£ ãà ¢­¥­¨ï (3.11) â¥¯¥àì ¯à¨­¨¬ ¥â ¢¨¤ :m�~r = �e ~E � �eim _~r (5:6)� ª ¨ ¢ ¯à®è«ë© à §, ¬ë ¯à¥­¥¡à¥£«¨ ¢ íâ®¬ ãà ¢­¥­¨¨ ¢«¨ï­¨-¥¬ ¬ £­¨â­®£® ¯®«ï ¢®«­ë, ­® ¢áâ ¢¨«¨ ¢ ¯à ¢®© ç áâ¨ ­®¢ë© ç«¥­ |¨§¬¥­¥­¨¥ ¨¬¯ã«ìá  í«¥ªâà®­  ¢ ¥¤¨­¨æã ¢à¥¬¥­¨ ¯®¤ ¤¥©áâ¢¨¥¬ áâ®«ª-­®¢¥­¨©. �à¨ íâ®¬ ­ ¬ ¯à¨è«®áì ¨á¯®«ì§®¢ âì ¯®­ïâ¨¥ íää¥ªâ¨¢­®£®ç¨á«  áâ®«ª­®¢¥­¨© ¢ ¥¤¨­¨æã ¢à¥¬¥­¨ �ei. �  ®¤­® íää¥ªâ¨¢­®¥ áâ®«ª-­®¢¥­¨¥ ¯à¨­¨¬ ¥âáï ¯à®æ¥áá, ¯à¨ ª®â®à®¬ ¨¬¯ã«ìá ¤¢¨¦¥­¨ï ç áâ¨æëm _r ¬¥­ï¥âáï ­  ¢¥«¨ç¨­ã, à ¢­ãî á ¬®¬ã ¨¬¯ã«ìáã. � ¤¥©áâ¢¨â¥«ì­®-áâ¨ ¢ ¯« §¬¥ ¢ á¨«ã ¤ «ì­®¤¥©áâ¢¨ï ªã«®­®¢áª®© á¨«ë í«¥ªâà®­ ¢á¥¢à¥¬ï ¨á¯ëâë¢ ¥â ¡®«¥¥ á« ¡®¥ ¢®§¤¥©áâ¢¨¥ ®¤­®£® ¨«¨ ­¥áª®«ìª¨å ¨®-­®¢, ¨ ¨§¬¥­¥­¨¥ ­ ¯à ¢«¥­¨ï ¥£® ¤¢¨¦¥­¨ï ¯à®¨áå®¤¨â ¢ ®á­®¢­®¬ ¡®-«¥¥ ¯« ¢­®, ç¥¬ ¬®¦­® ¡ë«® ¡ë ®¦¨¤ âì ¢ á«ãç ¥, ª®£¤  ¤®¬¨­¨àãîâ¯ à­ë¥ áâ®«ª­®¢¥­¨ï. �â® ®¡áâ®ïâ¥«ìâá¢® ãç¨âë¢ ¥âáï ¯à¨ ¢ë¢®¤¥ ¢ë-à ¦¥­¨ï ¤«ï íää¥ªâ¨¢­®© ç áâ®âë áâ®«ª­®¢¥­¨© í«¥ªâà®­  á ¨®­ ¬¨�ei, ­®, ¥áâ¥áâ¢¥­­®, â®«ìª® ¯à¨¡«¨¦¥­­®.�«ï á«ãç ï ¯«®áª®© ¬®­®åà®¬ â¨ç¥áª®© ¢®«­ë ãà ¢­¥­¨¥ (5.6) ¯à¨-­¨¬ ¥â ¢¨¤ : �!2m~r = �e ~E + i!�eim~r: (5:7)�¯à¥¤¥«¨¬ ¡¥§à §¬¥à­ãî ç áâ®âã áâ®«ª­®¢¥­¨© ª ªZ � �ei! (5:8)�«ï ç áâ®âë áâ®«ª­®¢¥­¨© ¡ã¤¥¬ ¨á¯®«ì§®¢ âì ¢ëà ¦¥­¨¥ (á¬. ­ -¯à¨¬¥à �.�.�¥«¥§­ïª®¢, 1977, á. 272) :�ei = � e4(kT )2 �vNA � 5:5NT 3=2 A; (5:9)(A = ln (220 TN1=3 )T < 4 � 105A = ln (104 T 2=3N1=3 )T > 4 � 105 (5:10)�âáî¤  ­ å®¤¨¬ ~r ¨ ¢¥ªâ®à ¯®«ïà¨§ æ¨¨ ~P = �eNe~r (á¬. (3.4)) :4



~P = � Nee2m!2(1 + iZ) ~E: (5:11)�¤¥áì ª ª ¢¥ªâ®à r â ª ¨ P ï¢«ïîâáï ª®¬¯«¥ªá­ë¬¨ ¢¥«¨ç¨­ ¬¨, ®â-à ¦ ï ­¥ â®«ìª®  ¬¯«¨âã¤ë ­® ¨ ä §®¢ë¥ á®®â­®è¥­¨ï ª®«¥¡ ­¨©, ¢ë-§¢ ­­ëå í«¥ªâà¨ç¥áª¨¬ ¯®«¥¬ ¢®«­ë.�á¯®«ì§ãï (5.11), ¬ë ¯®«ãç¨¬ (áà ¢­¨ á (3.12))~D = � ~E = (1� X1 + iZ ) ~E (5:12)� ª®­¥æ, ¢ëà ¦¥­¨¥ ¤«ï ª®íää¨æ¥­â  à¥äà ªæ¨¨ ¨¬¥¥â ¢¨¤ :n2 = � = 1� X1 + iZ � 1�X + iXZ (5:13)�­¨¬ ï ç áâì íâ®£® ¢ëà ¦¥­¨ïIm(n) = XZ2Re(n)®¯¨áë¢ ¥â ¯®£«®é¥­¨¥ ¢®«­ë, ®¡ãá«®¢«¥­­®¥ áâ®«ª­®¢¥­¨ï¬¨ í«¥ªâà®-­®¢ á ¨®­ ¬¨. � ¯®á«¥¤­¥¬, ã¯à®é¥­­®¬ ¢ëà ¦¥­¨¨ ¢ (5.11) ¬ë áç¨â «¨,çâ® Z � 1, çâ® ¢ ¡®«ìè¨­áâ¢¥  áâà®ä¨§¨ç¥áª¨å § ¤ ç ¤¥©áâ¢¨â¥«ì­®¨¬¥¥â ¬¥áâ®. � = !c XZn (5:14)�¤¥áì �v | áà¥¤­ïï áª®à®áâì í«¥ªâà®­®¢. �ç¨âë¢ ï á § ­­®¥, ª®íä-ä¨æ¨¥­â ¯®£«®é¥­¨ï ¢®«­ë ¬®¦¥â ¡ëâì ¯à¥¤áâ ¢«¥­ ¢ ¢¨¤¥ :� = �N2f 2T 3=2 (5:15)�®íää¨æ¨¥­â � = 11� Ae2mc , ª ª á«¥¤ã¥â ¨§ (5.13) ¨ (5.14), á« ¡® («®£ à¨-ï¬¨ç¥áª¨) § ¢¨á¨â ®â ¯ à ¬¥âà®¢ ¯« §¬ë. �¡ëç­® ¢  áâà®ä¨§¨ç¥áª¨å¯à¨«®¦¥­¨ïå ¥£® ®§­ ç¥­¨¥ «¥¦¨â ¢ ¯à¥¤¥« å 0:12�0:15. �®®¡é¥ £®¢®àï,¯à¨ ¥£® à áç¥â¥ ªà®¬¥ â¥¬¯¥à âãàë ­ ¤® ãç¨âë¢ âì å¨¬¨ç¥áª¨© á®áâ ¢¨ áâ¥¯¥­ì ¨®­¨§ æ¨¨  â®¬®¢ à§ «¨ç­ëå í«¥¬¥­â®¢ ¯« §¬ë.�®á®ª«ìªã ¬ë §¤¥áì à áá¬ âà¨¢¢ ¥¬ â¥¯«®¢®¥ ¨§«ãç¥­¨¥, â® ¨§ § -ª®­  �¨àå£®ää  ¬®¦­® â ª¦¥ ¯®«ãç¨âì ¢ëà ¦¥­¨¥ ¤«ï¨§«ãç â¥«ì­®©á¯®á®¡­®áâ¨ : 5



�� = B(T ) = 2kTf 2c2 (5:16)¨«¨ � = 2�kc2 N2pT ; (5:17)� ¦­®© ®á®¡¥­­®áâìî íâ®£® ¢ëà ¦¥­¨ï ï¢«ï¥âáï â®, çâ® ¨§«ãç â¥«ì-­ ï á¯®á®¡­®áâì â®à¬®§­®£® ¨§«ãç¥­¨ï ­¥ § ¢¨á¨â ®â ç áâ®âë (¢ à ¤¨®-¤¨ ¯ §®­¥).5.3 �®íää¨æ¨¥­â ¯®£«®é¥­¨ï ¤«ï  ­¨§®âà®¯­®© ¯« §¬ë�®¤®¡­ë¬ ¦¥ ®¡à §®¬ ®áãé¥áâ¢«ï¥âáï ¯¥à¥å®¤ ®â á«ãç ï ¡¥ááâ®«ª-­®¢¨â¥«ì­®© ¯« §¬ë ª áâ®«ª­®¢¨â¥«ì­®© ¯à¨ ¢ë¢®¤¥ ¢ëà ¦¥­¨ï ¤«ïª®íää¨æ¨¥­â  ¯à¥«®¬«¥­¨ï à ¤¨®¢®«­ ¢  ­¨§®âà®¯­®© ¯« §¬¥ á ¢­¥è-­¥¬ ¬ £­¨â­®¬ ¯®«¥¬ ~B0. � íâ®¬ á«ãç ¥ ãà ¢­¥­¨¥ ¤¢¨¦¥­¨ï í«¥ªâà®­ ¢ í«¥ªâà¨ç¥áª®¬ ¯®«¥ ¢®«­ë ¨ ¢­¥è­¥£® ¬ £­¨â­®£® ¯®«ï ¯à¨­¨¬ ¥â¢¨¤ (áà. á ãà ¢­¥­¨¥¬ (3.19)) :m�~r = �e ~E � ec _~r � ~B0 �m _~r�ei (5:18)�­ «®£¨ç­® ãà ¢­¥­¨î (5.6) ¢ ¯à ¢®© ç áâ¨ ¢ª«îç¥­ ç«¥­, ãç¨âë-¢ îé¨© à®«ì áâ®«ª­®¢¥­¨© í«¥ªâà®­®¢ á ¨®­ ¬¨ ¢ § âãå ­¨¨ í«¥ªâà¨-ç¥áª®£® ¯®«ï ¢®«­ë. �­®¢ì à áá¬®âà¨¬ ¯«®áªãî ¬®­®åà®¬ â¨ç¥áªãî¢®«­ã. �®£¤  (5.18) ¯à¨­¬ ¥â ¢¨¤�m!2~r = �e ~E + i!c ~r � ~B0 + i!m~r�ei: (5:19)� «¥¥ ã¬­®¦ ï ®¡¥ ç áâ¨ íâ®£® ãà ¢­¥­¨ï ­  Ne=m!2, ¬ë ¯®«ãç ¥¬ãà ¢­¥­¨¥ ¤«ï ¢¥ªâ®à  ¯®«ïà¨§ æ¨¨ P :~P (1 + iZ) = �X4� ~E � i ~P � ~Y (5:20)�âáî¤  ¢¨¤­®, çâ® ¯® áà ¢­¥­¨î á ãà ¢­¥­¨ï¬¨ ¤«ï ¨§®âà®¯­®© ¯« §-¬ë ®â«¨ç¨¥ á®áâ®¨â ¢ § ¬¥­¥(X �! X1+iZ ;Y �! Y1+iZ (5:21)6



�¥¯¥àì ¯ à ¬¥âà � ¨ ª®íää¨æ¨¥­â ¯®«ïà¨§ æ¨¨ R â ª¦¥ ª®¬¯«¥ªá-­ë¥ ç¨á« , ¢ ç áâ­®áâ¨ � = 12 Y 2TYL(1�X + iZ) : (5:22)�¤­ ª® ¢¢¨¤ã ¬ «®áâ¨ ¢¥«¨ç¨­ë Z ¢«¨ï­¨¥¬ áâ®«ª­®¢¥­¨© ­  ä®à¬ãí««¨¯á  ¯®«ïà¨§æ¨¨ ­®à¬ «ì­ëå ¢®«­ ®¡ëç­® ¯à¥­¥¡à¥£ îâ ¨ ¯®«ì§ã-îâáï ¯®-¯à¥¦­¥¬ã ¢ëà ¦¥­¨ï¬¨ (3.23) ¨ (3.24), ®¯à¥¤¥«ïîé¨¬¨ ¨å ¯®-«ïà¨§ æ¨î.� ®¡é¥¬ ¢¨¤¥ ¢ëà ¦¥­¨ï ¤«ï ª®¬¯«¥ªá­®£® §­ ç¥­¨ï ¯®ª § â¥«ï¯à¥«®¬«¥­¨ï ¤®¢®«ì­® á«®¦­ë¥ ¨ ¬ë §¤¥áì ®£à ­¨ç¨¬áï á«ãç ¥¬ ª¢ -§¨¯à®¤®«ì­®£® à á¯à®áâà ­¥­¨ï, ª®â®àë© ª ª ¬ë §­ ¥¬ (á¬. �¥ªæ¨î4) ¨¬¥¥â ­ ¨¡®«¥¥ è¨à®ªãî ®¡« áâì ¯à¨¬¥­¥­¨ï ¢  áâà®ä¨§¨ª¥. � íâ®¬á«ãç ¥ ¤«ï ª®íää¨æ¨¥­â  à¥äà ªæ¨¨ ¢ëà ¦¥­¨¥ ¤«ï ¡¥ááâ®«ª­®¢¨â¥«ì-­®© ¯« §¬ë (á¬. «¥ªæ¨î 3) ¢ á«ãç ¥ ª¢ §¨¯à®¤®«ì­®£® à á¯à®áâà ­¥-­¨ï : n2R;L = 1� X1� YL (5:23)�®¤áâ ¢«ïï áî¤  ¢ëà ¦¥­¨ï á®£« á­® (5.21), ­ å®¤¨¬n2R;L = 1� X=(1 + iZ)1� YL=(1 + iZ) (5:24)¨«¨, ¯à¥­¥¡à¥£ ï ¬ «®© ¢¥«¨ç¨­®© Z2, ¯®«ãç ¥¬n2R;L = 1� X1� Y + i XZ(1� YL)2 (5:25)�âáî¤  á«¥¤ã¥â, çâ® ª®íää¨æ¨¥­â ¯®£«®é¥­¨ï � = 2!c Im(n) ¨¬¥¥â¤«ï ­®à¬ «ì­ëå ¢®«­ á«¥¤ãîé¨© ¢¨¤ :�o;e = 1no;e !c XZ(1� YL)2 (5:26)â® ¥áâì �o;e = �(1� YL)2 ; (5:25)£¤¥ �| ª®íää¥æ¨¥­â ¯®£«®é¥­¨ï ¤«ï á«ãç ï ¨§®âà®¯­®© ¯« §¬ë. �­ -ç¥ 7



�o;e = �N2T 3=2(f � fBj cos�j)2 ; (5:27)£¤¥ ®¯à¥¤¥«ï¥âáï ª ª ¢ (5.15). �¬¥ï ¢¢¨¤ã å à ªâ¥à ¯®«ïà¨§ æ¨¨ ­®à-¬ «ì­ëå ¢®«­, ¬ë ¬®¦¥¬ â ª¦¥ ­ ¯¨á âì :�L;R = �N2T 3=2(f � fB cos�)2 (5:28)�«ï ª®¥ää¨æ¨¥â®¢ ¯à¥«®¬«¥­¨ï ¬ë ¯®-¯à¥¦­¥¬ã ¯®«ì§ã¥¬áï ä®à-¬ã« ¬¨, ¯®«ãç¥­­ë¬¨ ¢ �¥ªæ¨ïå 3 ¨ 4.5.4 �¨ £­®áâ¨ª  ª®á¬¨ç¥áª®© ¯« §¬ë� ç­¥¬ á ®¡áã¦¤¥­¨ï ¬¥â®¤®¢ ¨§¬¥à¥­¨ï í«¥ªâà®­­®© ¯«®â­®áâ¨ ¨â¥¬¯¥à âãàë ¯« §¬ë ­  ®á­®¢¥  ­ «¨§  ¥¥ â¥¯«®¢®£® â®à¬®§­®£® ¨§«ã-ç¥­¨ï. � ª ¡ë«® ã¦¥ à áá¬®âà¥­® ¢ �¥ªæ¨¨ 1, ãà ¢­¥­¨¥ ¯¥à¥­®á  ¤«ïâ¥¯«®¢®£® ¨§«ãç¥­¨ï ¬®¦¥â ¡ëâì ­ ¯¨á ­® ¢ ¢¨¤¥Tb � Z Te��d�; (5:29)£¤¥ � = Z �dl (5:30)�«ï ¡®«¥¥ ª®à®âª¨å ¢®«­, ¯®áª®«ìªã (� / �2), ¯« §¬  ¬®¦¥â áâ âì®¯â¨ç¥áª¨ â®­ª®© � � 1. �®£¤  ãà ¢­¥­¨¥ (5.28) ¯à¨¬¥â ¢¨¤ :Tb = T � �; (5:31)£¤¥ ­¥ª®â®£®¥ áà¥¤­¥¥ §­ ç¥­¨¥ â¥¬¯¥à âãàë ¢ ¨áá«¥¤ã¥¬®© ¯«§¬¥. �íâ®¬ á«ãç ¥ ¤®«¦­  ­ ¡«î¤ âìáï å à ªâ¥à­ ï § ¢¨á¨¬®áâì Tb / �2, ª®-â®à ï â ª¦¥ ®¯à¥¤¥«ï¥â ¢ ¦­¥©è¨© ¬¥â®¤ ¤¨ £­®áâ¨ª¨ ¤¥©áâ¢¨ï â®à-¬®§­®£® ¬¥å ­¨§¬  ¨¨§«ãç¥­¨ï ¢ ®¡« áâ¨ ¬ «ëå ®¯â¨ç¥áª¨å â®«é¨­(¨­â¥­á¨¢­®áâì ¨§«ãç¥­¨ï ¢ íâ®¬ á«ãç ¥ ­¥ § ¢¨á¨â ®â ç áâ®âë/¤«¨­ë¢®«­ë, ­  ª®â®àëå ¢¥¤ãâáï ­ ¡«î¤¥­¨ï).Tb = T� / EMpT �2 (5:32)�«ï  ­ «¨§  ¨­â¥­á¨¢­®áâ¨ I ¬ë ¨á¯®«ì§ã¥¬ ãà ­¥­¨¥ ¯¥à¥­®á  ¢ä®à¬¥ 8



I = Z � dl; (5:33)£¤¥ ª®¥ää¨æ¨¥­â ¨§«ãç¥­¨ï � ®¯à¥¤¥«ï¥âáï ä®à¬ã«®© (5.17). � ª¨¬®¡à §®¬ I / EMpT (5:34)¨ ­¥ § ¢¨á¨â ®â ç áâ®âë. � ¬¥â¨¬ â ª¦¥, çâ® § ¢¨á¨¬®áâì ¨­â¥­á¨¢­®-áâ¨ ®â ¬¥àë í¬¨áá¨¨ EM ¨ áâ «® ¡ëâì ®â í«¥ªâà®­­®© ¯«®â­®áâ¨ ¡®«¥¥á¨«ì­ ï, ç¥¬ ®â â¥¬¯¥à âãàë, ª®â®à ï áâ®¨â ¯®¤ ª®à­¥¬. � ª¨¬ ®¡à ®-§®¬ ¬ë ¯®«ãç ¥¬ íää¥ªâ¨¢­ë© ¬¥â®¤  ­ «¨§  ¯«®â­®áâ¨ ª®á¬¨çª¥áª®©¯« §¬ë. �«¥¤ã¥â ¯®¤ç¥àª­ãâì ®¤­ ª®, çâ® §¤¥áì à¥çì ¨¤¥â ® áà¥¤­¥ª¢ -¤à â¨ç­®¬ §­ ç¥­¨¨ ª®­æ¥­âà æ¨¨ í«¥ªâà®­®¢, ª®â®à®¥ ¤«ï á¨«ì­® ­¥-®¤­®à®¤­®© áà¥¤ë ¬®¦¥â ­  ¬­®£® ¯à¥¢®áå®¤¨âì ¥ñ áà¥¤­¥¥ §­ ç¥­¨¥.� ­¥ª®â®àëå á«ãç ïå ã ­ á ¬®£ãâ ¡ëâì ­¥§ ¢¨á¨¬ë¥ ¤ ­­ë¥ ® áà¥¤­¥©í«¥ªâà®­­®© ¯«®â­®áâ¨. � â ª®¬ á«ãç ¥ ¬ë ¯®«ãç ¥¬ ¢®§¬®¦­®áâì ¨§áà ¢­¥­¨ï á à ¤¨®­ ¡«î¤¥­¨ï¬¨ ®æ¥­¨âì áâ¥¯¥­ì ­¥®¤­®à®¤­®áâ¨ ¯« §-¬ë. �¥à®© íâ®© ­®¤­®à®¤­®áâ¨ ¬®¦¥â á«ã¦¨âì â ª ­ §ë¢ ¥¬ ï áª¢ ¦-­®áâì � = p �N2�N .�®â®ª ¨§«ãç¥­¨ï ®â ¢á¥£® ®¡ê¥ªâ F = Z I d
 / EMVpT (5:35)�¤¥áì ¨­â¥£à « ¡¥à¥âáï ¯® ¢á¥© ¢¨¤¨¬®© ¯®¢¥àå­®áâ¨ ¨áá«¥¤ã¬®£®®¡ê¥ªâ . �¥«¨ç¨­  ®¡ê¥¬­®© ¬¥àë í¬¨áá¨¨EMV = Z N2 dV (5:36)¢ëç¨á«ï¥âáï ¯® ¢á¥¬ã ®¡ê¥¬ã ¨áâ®ç­¨ª , £¥­¥à¨àã¥é¥£® ¨§«ãç¥­¨¥.�à¨ ­ ¡«î¤¥­¨ïå â®£® ¦¥ ®¡ê¥ªâ  ­  ¡®«¥¥ ¤«¨­­ëå ¢®«­ å ¬ë ¬®-¦¥¬ ¤®áâ¨£­ãâì ®¡« áâ¨ á¯¥ªâà , £¤¥ � > 1. � íâ®¬ á«ãç ¥T = Tb; (5:37)çâ® ¤ ¥â ¬¥â®¤ ¨§¬¥à¥­¨ï â¥¬¯¥à âãàë í«¥ªâà®­­®© ª®¬¯®­¥âë ¯« §¬ë.�¥¬¯¥à âãà  í«¥ªâà®­®¢ ¯« §¬ë T á®®â¢¥âá¢ã¥â â¥¬¯¥à âãà¥ ­  ­¥-ª®â®à®© £«ã¡¨­¥ ¨§«ãç îé¥£® á«®ï. �à¨¡«¨§¨â¥«ì­® ¬®¦­® áç¨â âì,çâ® 9



Tb(�) = T (�(�) = 1) (5:38)�â® á®®â­®è¥­¨¥ ¬®¦¥â ¡ëâì ¨á¯®«ì§®¢ ­® ¤«ï ¨áá«¥¤®¢ ­¨ï à á¯à¥¤¥-«¥­¨ï â¥¬¯¥à âãàë á £«ã¡¨­®© ®¡ê¥ªâ  ¢ ®¡« áâ¨ ç áâ®â, £¤¥ ®¯â¨ç¥áª ïâ®«é¨­  ¡®«ìè¥ ¥¤¨­¨æë.� ¯à¨áãâáâ¢¨¨ ¬ £­¨â­®£® ¯®«ï á«¥¤ã¥â à ¡®â âì á ¤¢ã¬ï ãà ¢­¥­¨ï-¬¨ ¯¥à¥­®á  | ¤«ï ¨­â¥­á¨¢­®áâ¥© ¢®«­ á ¤¢ã¬ï ®àâ®­®­ «ì­ë¬¨ ¯®«ï-à¨§ æ¨ï¬¨, á®®â¢¥âá¢ãîé¨¬¨ ¤¢ã¬ â¨¯ ¬ ­®à¬ «ì­ëå ¢®«­ ¢ ®¡ê¥ªâ¥.� ª ¬ë ¢¨¤¥«¨ (�¥ªæ¨ï 4), ¯à¥¤¥«ì­ë¬¨ ¯®«ïà¨§ æ¨ï¬¨ ¤«ï ¢®«­, ¯®-ª¨¤ îé¨å ®¡ê¥ªâ á ¯« ¢­® ¬¥­ïîé¨¬¨áï ¯ à¬¥âà ¬¨ ç  ¤¥ ¢á¥£® ¬ë¡ã¤¥¬ ¨¬¥âì ¤¥«® á ªàã£®¢ë¬¨ ¯®«ïà¨§ ¨ï¬¨. � ­¥ª®â®àëå á«ãç ¥¢ ¬®-¦¥â ¯®âà¥¡®¢ âìáï â ª ¦¥ ãç¥â á®®â­®è¥­¨ï ä § ¬¥¦¤ã íâ¨¬¨ ¢®«­ ¬¨¨  ­ «¨§ ®¡« áâ¥© ¢®§¬®¦­®£® ®âª«®­¥­¨ï ®â ãá«®¢¨© ¯à¨¬¥­¨¬®áâ¨¯à¨¡«¨¦¥­¨ï £¥®¬¥âà¨ç¥áª®© ®¯â¨ª¨, ¢ ª®â®à®¬ â®«ìª® ¨ ¢®§®¬¦­® ­ -¯¨á ­¨¥ ãà ¢­¥­¨ï ¯¥à¥­®á .TL;Rb = Z T (�) exp(��L;R)d�; (5:36)£¤¥ �L;R = Z �L;Rdl (5:39)£¤¥ � = �N2eT 3=2(f � fB cos�) (5:40)¤«ï á«ãç ï � � 1 ¬ë ¨¬¥¥¬TL;Rb = T � �L;R (5:41)¨«¨ T e;ob = T � �e;o: (5:42)�âáî¤  á«¥¤ã¥âP = T eb � T obT eb + T ob = �e � �o�e + �o � 2 ffB j cos�j (5:43)¨ c ãç¥â®¬ §­ ª  ¯®«ïà¨§ æ¨¨ 10



P = TRb � TLbTRb + TLb = �R � �L�R + �L =� 2 ffB cos� (5:44)�â  ä®à¬ã«  ãá¯¥è­® ¨á¯®«ì§ã¥âáï ¤«ï ¨§¬¥à¥­¨ï ¬ £­¨â­ëå ¯®«¥©¢  â¬®áä¥à¥ ¢  â¬®áä¥à¥ �®«­æ . �«ï íâ®© æ¥«¨ ¯®«¥§­® ¯¥à¥¯¨áïâìä®à¬ã«ã ¢ á«¥¤ã¥é¥¬ ¢¨¤¥ : Bl = 54� P% (5:45)� á«ãç ¥ ¡®«ìè®© ®¯â¨ç¥á®© â®«é¨ ¨ ¨§®â¥à¨¬ç¥áª®© ¯« §¬ëT eb = T ob = TRb = TRb : (5:46)� íâ®¬ á«ãç ¥ áâ¥¯¥­ì ¯®«ïà¨§ æ¨¨ P = 0 ¨ ­¥ ã¤ ¥âáï ¯®«ãç¨âì­¨ª ª®© ¨­ä®à¬ æ¨¨ ® ­ ¯àï¦¥­­®áâ¨ ¬ £­¨â­®£® ¯®«ï.�¤­ ª® ¯à¨ ­ «¨ç¨¨ £à ¤¨¥­â  â¥¬¯¥à âãàë à §«¨ç¨¥ £«ã¡¨­ £¥­¥-à æ¨¨ ¤¢ãå â¨¯®¢ ¢®«­ ¯à¨¢®¤¨â ª à §«¨ç¨î ¨å ïàª®áâ­ëå â¥¬¯¥à âãà¨, á«¥¤®¢ â¥«ì­®, ¢®§­¨ªà®¢¥­¨î ¯®«ïà¨§ æ¨¨. �à¨¡«¨¦¥­­®¥ à¥è¥­¨¥ãà ¢­¥­¨© ¯¥à¥­®á  (5.36) ¤«ï á«ãç ï fB � f ¯®§¢®«ï¥â ­ ©â¨ ¢ëà ¦¥-­¨¥ ¤«ï áâ¥¯¥­¨ ¯®«ïà¨§ æ¨¨ ¢ ä®à¬¥P = nfBf j cos� j : (5:47)�¤¥áì á¯¥ªâà «ì­ë© ¨­¤¥ªá n ®¯à¥¤¥«ï¥âáï ä®à¬ã«®©n = �@(log Tb)=@(log f): (5:48)�âáî¤  ¯à®¤®«ì­ ï ª®¬¯®­¥­â  ¬ £­¨â­®£® ¯®«ï ¢ íâ®¬ á«ãç ¥ ¬®-¦¥â ¡ëâì ¯à¥¤áâ ¢«¥­  ¢ ¢¨¤¥ :Bl = 107� � nP (5:49)�£® ¢¥«¨ç¨­  ¬®¦¥â ¡ëâì ­ ©¤¥­  ¨§ ­ ¡«î¤¥­¨©. � ª¨¬ ®¡à ®§®¬,¬®¦­® § ª«îç¨âì, çâ® ¨§¬¥à¥­¨ï á¯¥ªâà  ¨ ¯®«ïà¨§ æ¨¨ ¯®§¢®«ïîâ ¯®-áâà®¨âì à ¤¨®¬ £­¨â®£à ä.
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��������� ������������ ���������������¥ªæ¨ï 6�¥¬  : ����������������� ����������«¥ªâà®¬ £­¨â­®¥ ¨§«ãç¥­¨¥, £¥­¥à¨àã¥¬®¥ ãáª®à¥­¨¥¬ í«¥ªâà®­®¢¢ ¬ £­¨â­®¬ ¯®«¥, ­ §ë¢ îâ ¬ £­¨â­®â®à¬®§­ë¬ (magneti
 bremsstrahlung).�«ï ã¯à®é¥­¨ï  ­ «¨§ , ®¤­ ª®, ã¤®¡­® à áá¬ âà¨¢ âì ®â¤¥«ì­® ¤¢ ªà ©­¨å á«ãç ï : ¨§«ãç¥­¨¥ í«¥ªâà®­®¢ ¬ «ëå áª®à®áâ¥© (v ≪ c) |æ¨ª«®âà®­­®¥ ¨§«ãç¥­¨¥ ¨ ¨§«ãç¥­¨¥ ¡ëáâàëå, à¥«ïâ¨¢¨áâáª¨å í«¥ª-âà®­®¢ (v ≃ c) | á¨­åà®âà®­­®¥ ¨§«ãç¥­¨¥. �¡  â¨¯  £¥­¥à æ¨¨ à -¤¨®¢®«­ ¤®áâ â®ç­® ç áâ® ¢áâà¥ç îâáï ¯à¨ ¨­â¥à¯à¥â æ¨¨ ­ ¡«î¤¥­¨©¨ ¨á¯®«ì§ãîâáï ¤«ï ¤¨ £­®áâ¨ª¨ ª®á¬¨ç¥áª®© ¯« §¬ë. � ¤ ­­®© «¥ª-æ¨¨ ¬ë ®¡áã¤¨¬ ¯¥à¢ë© á«ãç © | à ¤¨®¨§«ãç¥­¨ï, £¥­¥à¨àã¥¬®£® ¯à¨¤¢¨�¥­¨¨ ¢ ¬ £­¨â­®¬ ¯®«¥ áà ¢­¨â¥«ì­® ¬¥¤«¥­­ëå í«¥ªâà®­®¢, ®áâ -¢¨¢ ¢â®à®© á«ãç © ¤«ï  ­ «¨§  ¢ á«¥¤ãîé¥© «¥ªæ¨¨. � ¬¥â¨¬ áà §ã,çâ® ¯à®¬¥�ãâ®ç­ë© á«ãç © ã¬¥à¥­­® ¡ëáâàëå í«¥ªâà®­®¢ â ª�¥ ¯à¥¤-áâ ¢«ï¥â ¨­â¥à¥á ¤«ï  áâà®ä¨§¨ç¥áª¨å ¯à¨«®�¥­¨©, ­® ­¥ ¨¬¥¥â ¨§¢¥áâ-­ëå à¥è¥­¨© § ¤ ç¨ ¢ ¤®áâ â®ç­® ¯à®áâ®¬ ¨ ­ £«ï¤­ë¬ ¬ â¥¬ â¨ç¥áª®¬¯à¥¤áâ ¢«¥­¨¨. �«ï ¥£®  ­ «¨§  ¯à¨å®¤¨âáï, «¨¡® ¡ §¨à®¢ âìáï ­  ¬®-¤¥«ì­ë© áç¥â, «¨¡® ¨á¯®«ì§®¢ âì ¯à¨¡«¨�¥­­ë¥ ä®à¬ã«ë, ­ ©¤¥­­ë¥í¬¯¨à¨ç¥áª¨.6.1. �¨ª«®âà®­­®¥ ¨§«ãç¥­¨¥ ­  £¨à®ç áâ®â¥�«¥ªâà®­, ¤¢¨�ãé¨©áï ¢ ¬ £­¨â­®¬ ¯®«¥ ~B á® áª®à®áâìî ~v, ¯®¤¢¥à-�¥­ ¤¥©áâ¢¨î á¨«ë :
~F = −e

c
· ~v × ~B (1)�â  á¨« , ª ª ¨§¢¥áâ­®, ¯à¨¢®¤¨â ª ¢à é¥­¨î í«¥ªâà®­  ¢®ªàã£ á¨«®¢®©«¨­¨¨ ¬ £­¨â­®£® ¯®«ï á ç áâ®©

ωB =
eB

mc
, (2)­ §ë¢ ¥¬®© £¨à®ç áâ®â®© ( gyrofrequen
y). �§ (??) á«¥¤ã¥â, çâ® ¬ £­¨â-­®¥ ¯®«¥ ¢ë§ë¢ ¥â ãáª®à¥­¨¥ í«¥ªâà®­ 

w =
v⊥eB

mc
. (3)1



� ª ¨§¢¥áâ­®, § àï�¥­­ ï ç áâ¨æ , ¤¢¨�ãé ïáï á ãáª®à¥­¨¥¬ w, ¨§-«ãç ¥â ¢ ¤¨¯®«ì­®¬ ¯à¨¡«¨�¥­¨¨ (ª®£¤  v << c) í«¥ªâà®¬ £­¨â­ãî¢®«­ã ¬®é­®áâ¨ :
P =

2e2w2

3c3
(4)� ª¨¬ ®¡à §®¬, ¤«ï í«¥ªâà®­  ¢ ¬ £­¨â­®¬ ¯®«¥ ¬ë ¯®«ãç ¥¬ ¬®é-­®áâì ¨§«ãç¥­¨ï

P =
2e4B2v2

⊥

3m2c5
(5)�â®â â¨¯ ¨§«ãç¥­¨ï, ®¤­ ª®, £¥­¥à¨àã¥âáï â®«ìª® ­  ®¤­®© ç áâ®â¥

ω = ωB, â® ¥áâì £¨à®ç áâ®â¥. �«ï ¯à ªâ¨ç¥áª¨å ®æ¥­®ª ¯®«¥§­® ¯®¬­¨âì¯à¨¡«¨�¥­­®¥ ¢ëà �¥­¨¥ ¤«ï ç áâ®âë
fB = 2.8 B (MHz) (6). Ǒ®«ïà¨§ æ¨ï ¨§«ãç¥­¨ï § ¢¨á¨â ®â ­ ¯à ¢«¥­¨ï ¢¥ªâ®à  ãáª®à¥­¨ï.�ñ á«¥¤ã¥â à áá¬ âà¨¢ âì ¢ ¯à®¥ªæ¨¨ íâ®£® ¢¥ªâ®à  ­  ¯«®áª®áâì, ­®à-¬ «ì­ãî ª ­ ¯à ¢«¥­¨î ­  ­ ¡«î¤ â¥«ï. �  ­ «¨§¨àã¥¬®¬ ­ ¬¨ á«ã-ç ¥ ¯®«ïà¨§ æ¨ï í««¨¯â¨ç¥áª ï á ®â­®è¥­¨¥¬ ®á¥© í««¨¯á , à ¢­ë¬(á¬. �¨á.6.1)

tan σ = cos α, (7)£¤¥ α | ã£®« ¬¥�¤ã ­ ¯à ¢«¥­¨ï¬¨ ¬ £­¨â­®£® ¯®«ï ~B ¨ ­ ¯à ¢«¥­¨¥¬­  ­ ¡«î¤ â¥«ï, ª®â®à®¥ ¡ã¤¥¬ ®¯à¥¤¥«ïâì ¥¤¨­¨ç­ë¬ ¢¥ªâ®à®¬ ~n. �­-â¥­á¨¢­®áâì ¨§«ãç¥­¨ï I § ¢¨á¨â â ª�¥ ®â ­ ¯à ¢«¥­¨ï. �«ï  ­ «¨§ íâ®© § ¢¨á¨¬®áâ¨ ®¡à â¨¬áï ª ¯®â¥­æ¨ «ã �¨¥­ à  -�¨å¥àâ  :
~A =

e~v

cR(1 − ~v·~n
c

)
≈ e~v

cR
(8)Ǒ®á«¥¤­¥¥ ¢¥à­® ¤«ï ç áâ¨æ ¬ «ëå áª®à®áâ¥©, á ª®â®àë¬¨ ¬ë á¥©-ç á ¨ ¨¬¥¥¬ ¤¥«®. Ǒà¨ ¢ëç¨á«¥­¨¨ í«¥ªâà¨ç¥áª®£® ¯®«ï ¢®«­ë ­ á ¡ã¤¥â¨­â¥à¥á®¢ âì ¯®¯¥à¥ç­ ï ®â­®á¨â¥«ì­® «ãç  §à¥­¨ï ª®¬¯®­¥­â  ¢¥ªâ®à-­®£® ¯®â¥­æ¨ «  ~A⊥, â ª ª ª ¯®«¥ ¢®«­ë ­  ¤®áâ â®ç­® ¡®«ìè®¬ à á-áâ®ï­¨¨ ®â ¨áâ®ç­¨ª  ¥áâì 2



~B =
1

c
( ~̇A × ~n) = −1

c

∂ ~A⊥

∂t
(9)

~E =
1

c
( ~̇A × ~n) × ~n = −1

c

∂ ~A⊥

∂t
(10)�â® ¢ëà �¥­¨¥ ¯®§¢®«ï¥â ®¯à¥¤¥«¨âì ª ª ¨­â¥­á¨¢­®áâì â ª ¨ å -à ªâ¥à ¯®«ïà¨§ æ¨¨ £¥­¥à¨àã¥¬®£® ¨§«ãç¥­¨ï. �­â¥­á¨¢­®áâì ¬®�¥â¡ëâì ­ ©¤¥­  ¯® ä®à¬ã«¥ (¯®â®ª, ®â­¥á¥­­ë© ª ¥¤¨­¨ç­®¬ã â¥«¥á­®¬ãã£«ã, â® ¥áâì ­  ¯«®é ¤¨ R2).

I =
c

4π
E2 · R2 (11)� ª¨¬ ®¡à §®¬, ¨á¯®«ì§ãï ¢ëà �¥­¨¥ ¤«ï ~E

~E = − e

cR

∂ ~v⊥
∂t

cos α = − e

c2R
~w⊥cos α = − e2B

mc3R
w⊥cos α, (12)¯®«ãç ¥¬ ¢ëà �¥­¨¥ ¤«ï ¨­â¥­á¨¢­®áâ¨ á ãç¥â®¬ ¯®«ïà¨§ æ¨¨ ¢®«­ë :

I =
e4B2v2

⊥

4πm2c5

(1 + cos2 α)

2
(13)(�¤¥áì ¬ë ãç«¨, çâ® ¯cos2 ωBt = 1/2.)�¨¯®«ì­®¥ ¨§«ãç¥­¨¥ í«¥ªâà®­  ¢ ¬ £­¨â­®¬ ¯®«¥ ¨¬¥¥â «¨­¥©­ãî¯®«ïà¨§ æ¨î, ¥á«¨ ­ ¡«î¤ â¥«ì à á¯®«®�¥­ ¢ ¯«®áª®áâ¨ ¯¥à¯¥­¤¨ªã-«ïà­®© ª ¬ £­¨â­®¬ã ¯®«î ¨ | ªàã£®¢ãî, ¥á«¨ ­ ¡«î¤ âì ­ å®¤¨âáï ¢­ ¯à ¢«¥­¨¨ ¯®«ï. Ǒà¨ íâ®¬, ¢ ¯®á«¥¤­¥¬ á«ãç ¥ ¨­â¥­á¨¢­®áâì ¨§«ã-ç¥­¨ï ®ª §ë¢ ¥âáï ¢¤¢®¥ ¢ëè¥. �ª § ­­ë¥ ®á®¡¥­­®áâ¨ ¤®¢®«ì­® «¥£ª®¯®­ïâì, ®¡à â¨¢è¨áì ª ª àâ¨­¥ ¢¥ªâ®à  ãáª®à¥­¨ï í«¥ªâà®­  : ¢ ¯«®áª®-áâ¨ ­®à¬ «ì­®© ª ¢¥ªâ®àã ¬ £­¨â­®£® ¯®«ï ~B ¬ë ¨¬¥¥¬ ¤¥«® â®«ìª® á®¤­®© ª®¬¯®­¥­â®© ¢¥ªâ®à  ãáª®à¥­¨ï ~w( ¢ ¯à®¥ªæ¨¨ ­  ¯«®áª®áâì, ­®à-¬ «ì­ãî ª ­ ¯à ¢«¥­¨î ­  ­ ¡«î¤ â¥«ï), ¢ â® ¢à¥¬ï ª ª ¯à¨ ­ ¡«î-¤¥­¨¨ ¢ ­ ¯à ¢«¥­¨¨ ¢¤®«ì ¯®«ï ãç áâ¢ãîâ ¤¢¥ ¢§ ¨¬­® ®àâ®£®­ «ì­ë¥ª®¬¯®­¥­âë ãáª®à¥­¨ï, á¤¢¨­ãâë¥ ¯® ä §¥ ­  90◦ (á¬. �¨á.6.1).
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�¨áã­®ª 6.1 � £­¨â­®¥ ¯®«¥, ­ ¯à ¢«¥­¨¥ ­  ­ ¡«î¤ â¥«ï ¨ ãáª®à¥-­¨¥ í«¥ªâà®­  ¢ ¬ £­¨â­®¬ ¯®«¥ ~B�«ï ¯®«­®£® ¨§«ãç¥­¨ï í«¥ªâà®­  ¢® ¢á¥å ­ ¯à ¢«¥­¨ïå ¬ë ¤®«�­ë¯à®¨­â¥£à¨à®¢ âì (6.9) ¯® ¢á¥¬ â¥«¥á­ë¬ ã£« ¬. � à¥§ã«ìâ â¥ ¨¬¥¥¬ :
P = 2π

∫

I sin αdα =
2e4B2v2

⊥

3m2c5
(14)| ¢ á®£« á¨¨ á (6.5). �¥¯¥àì ¯à¨¬¥¬ ¢® ¢­¨¬ ­¨¥ ¤®¯¯«¥à®¢áª®¥ á¬¥é¥-­¨¥ ç áâ®âë ¨§«ãç ¥¬®© ¢®«­ë. Ǒ®áª®«ìªã áà¥¤­ïï áª®à®áâì í«¥ªâà®-­  ¢ ¯«®áª®áâ¨ ­®à¬ «ì­®© ª ¬ £­¨â­®¬ã ¯®«î ­ã«¥¢ ï,   ¥£® ¨§«ãç¥-­¨¥ ( ¢ «î¡®¬ ­ ¯à ¢«¥­¨¨) ¤«¨âáï ¢á¥ ¢à¥¬ï, íâ  ª®¬¯®­¥­â  áª®à®áâ¨­¥ ¯à¨¢®¤¨â ¢ (­¥à¥«ïâ¨¢¨áâáª®¬ á«ãç ¥) ª á¬¥é¥­¨î ç áâ®âë. � ª¨¬®¡à §®¬, ¬ë à áá¬®âà¨¬ á¥©ç á â®«ìª® á¤¢¨£, ®¡ãá«®¢«¥­­ë© ª®¬¯®­¥­-â®© áª®à®áâ¨ v‖ = v · cos χ | ¯à®¤®«ì­®© ®â­®á¨â¥«ì­® ¯®«ï ¨ «¥� é¥©¢ ¯«®áª®áâ¨, ­®à¬ «ì­®© ¯® ®â­®è¥­¨î ­ ¯à ¢«¥­¨ï à á¯à®áâà ­¥­¨ï¢®«­ë. �¤¥áì χ íâ® ¯¨âç-ã£®« | ¬¥�¤ã ­ ¯à ¢«¥­¨ï¬¨ áª®à®áâ¨ í«¥ª-âà®­  ~v ¨ ¬ £­¨â­®£® ¯®«ï ~B. � ª¨¬ ®¡à §®¬, ¢ ­ ¯à ¢«¥­¨¨ ã£«  α®â­®á¨â¥«ì­® ¬ £­¨â­®£® ¯®«ï ­ ¡«î¤ â¥«ì à¥£¨áâà¨àã¥â ¨§«ãç¥­¨¥ ­ ç áâ®â¥

ω = ωB(1 +
v‖
c

cos α) = ωB(1 +
v

c
cos χ cos α). (15)�â ¯« §¬ë á â¥¬¯¥à âãà®© í«¥ªâà®­®¢ T ¬®�­® ¡ë«® ¡ë ®�¨¤ âì¨§«ãç â¥«ì­ãî á¯®á®¡­®áâì ǫ (¬®é­®áâì ¢ ¥¤¨­¨ç­®¬ â¥«¥á­®¬ ã£«¥,£¥­¥à¨àã¥¬ãî ¢ ¥¤¨­¨ç­®¬ ®¡ê¥¬¥).

ǫ = N · e4B2kT

8πm3c5
(1 + cos2 α)e

−
(ω−ωB)2

2v2
T

cos2 α
c2 (16)£¤¥ N | í«¥ªâà®­­ ï ª®­æ¥­âà æ¨ï. �®íää¨æ¨¥­â ¢ íâ®© ä®à¬ã«¥ ¢ë-¡à ­ â ª, çâ®¡ë ¯®«­ ï ¨­â¥­á¨¢­®áâì ¯® ¢á¥¬ã ¨§«ãç ¥¬®¬ã ¤¨ ¯ §®-­ã ç áâ®â ¤ ¢ « áì ä®à¬ã«®© (6.11). � ¬¥â¨¬, çâ® ¯à¨ ­ ¡«î¤¥­¨¨ ¢­ ¯à ¢«¥­¨¨, ¯¥à¯¥­¤¨ªã«ïà­®¬ ¬ £­¨â­®¬ã ¯®«î, ­¥ ®�¨¤ ¥âáï ¤®¯-¯«¥à®¢áª®£® à áè¨à¥­¨ï æ¨ª«®âà®­­®© «¨­¨¨.� ¤¥©áâ¢¨â¥«ì­®áâ¨, ¯®«ãç¥­­ë¥ ¢ëà �¥­¨ï ¤«ï ¨­â¥­á¨¢­®áâ¨ ¨§-«ãç¥­¨ï ï¢«ïîâáï ®ç¥­ì ¯«®å¨¬ ¯à¨¡«¨�¥­¨¥¬, â ª ª ª ®­¨ ¢ë¢¥¤¥­ë¢ ¯à¥¤¯®«®�¥­¨¨, çâ® ª®íää¨æ¨¥­â ¯à¥«®¬«¥­¨ï à ¤¨®¢®«­ ¢ ¯« §¬¥

n = 1. �¥«® ¢ â®¬, çâ® ¬ë à áá¬ âà¨¢ «¨ ¨§«ãç¥­¨¥ ¢¡«¨§¨ « à¬®à®¢-áª®© ç áâ®âë í«¥ªâà®­®¢ ωB, £¤¥ ¢ëà �¥­¨¥ ¤«ï ª®íää¨æ¨¥­â  ¯à¥«®-4



¬«¥­¨ï ­¥®¡ëª­®¢¥­­®© ¢®«­ë â¥à¯¨â à §àë¢ (á¬. �¥ªæ¨¨ 3 ¨ 4). �ë§¤¥áì ­¥ ¡ã¤¥¬ ¯à¨¢®¤¨âì ¡®«¥¥ â®ç­®£® ¨ ®ç¥­ì £à®¬®§¤ª®£® ¢ë¢®¤  ¡®-«¥¥ ª®àà¥ªâ­ëå ¢ëà �¥­¨©. �á­®¢­ë¥ ä¨§¨ç¥áª¨¥ ¯à®æ¥ááë,á¢ï§ ­­ë¥á ¨§«ãç¥­¨¥¬ ­  ¯¥à¢®© £ à¬®­¨ª¥, ¤¥©áâ¢¨â¥«ì­® ¨¬¥îâ ¬¥áâ® ¨ ¯®¬®-£«¨ ­ ¬ ¯®­ïâì áãâì ï¢«¥­¨ï. �¥¯¥àì ¬ë ¯¥à¥©¤¥¬ ª  ­ «¨§ã ¨§«ãç¥­¨ï­  £ à¬®­¨ª å £¨à®ç áâ®âë.2. �§«ãç¥­¨¥ ­  £ à¬®­¨ª å £¨à®ç áâ®âë�®§­¨ª­®¢¥­¨¥ ¨§«ãç¥­¨ï ­  ¢â®à®© ¨ ¡®«¥¥ ¢ëá®ª¨å £ à¬®­¨ª å £¨-à®ç áâ®âë ¢®§¬®�­® â®«ìª® ¯à¨ ãç¥â¥ à¥«ïâ¨¢¨áâáª¨å íää¥ªâ®¢, ¤ �¥,ª®£¤  à¥çì ¨¤¥â ®¡ ¨§«ãç¥­¨¨ ç áâ¨æ ¬¨, ¤¢¨�ãé¨¬¨áï á® áª®à®áâï¬¨,¬­®£® ¬¥­ìè¨¬¨ áª®à®áâ¨ á¢¥â  c. �¡à â¨¬áï ª ¢ëà �¥­¨î ¤«ï ¯®â¥­-æ¨ «  �¨¥­¥à -�¨å¥àâ .
~A =

e~v

cR(1 − ~v·~n
c

)
(17)§¤¥áì ~n ®¯à¥¤¥«ï¥â ­ ¯à ¢«¥­¨¥ à á¯à®áâà ­¥­¨ï ¢®«­ë. �ç¨âë¢ ï, çâ®

v ≪ c, ¬ë ¬®�¥¬ ¢®á¯®«ì§®¢ âìáï à §«®�¥­¨¥¬ ¢ àï¤ ~A ¯® áâ¥¯¥­ï¬¬ «®© ¢¥«¨ç¨­ë v/c. � â¥¬, ¨á¯®«ì§ãï (6.9), ­ ©â¨ ¨­â¥­á¨¢­®áâì I ¤«ïà §«¨ç­ëå £ à¬®­¨ª £¨à®ç áâ®âë, â ª ª ª ~v ∝ eiωB t. �«¥¤ãï íâ®© ¯à®-£à ¬¬¥, ¬ë ¬®�¥¬ ¯®«ãç¨âì ¢ëà �¥­¨¥ ¤«ï ¨§«ãç¥­¨ï ®â ®¤­®£® í«¥ª-âà®­  :
ǫ =

s(2s + 4)(s!)2

2(2s)

e2ω2
B

2πc
(
v⊥
c

)2sB(α), (18)£¤¥
B(α) =

1 + tanσ cos α

1 + tan σ2
sin α(2s − 2) (19)¨ s | ­®¬¥à £ à¬®­¨ª¨ £¨à®ç áâ®âë. �¥«¨ç¨­  tanσ ®¯à¥¤¥«ï¥â ®â-­®è¥­¨¥ ®á¥© í««¨¯á  ¯®«ïà¨§ æ¨¨ á®®â¢¥âáâ¢ãîé¥£® â¨¯  ¢®«­ë |®¡ëª­®¢¥­­®© ¨«¨ ­¥®¡ëª­®¢¥­­®©.� ª ¢¨¤­® ¨§ ¢ëà �¥­¨ï ¤«ï ¨§«ãç â¥«ì­®© á¯®á®¡­®áâ¨ í«¥ªâà®­ (6.14), ¨§«ãç¥­¨¥ ¢ ­ ¯à ¢«¥­¨¨ ¬ £­¨â­®£® ¯®«ï α = 0 ­  £ à¬®­¨ª å£¨à®ç áâ®âë (s ≥ 2) ­¥ £¥­¥à¨àã¥âáï. �â® «¥£ª® ¯®­ïâì, ¥á«¨ ãç¥áâì,çâ® ®âáãâáâ¢ãîâ ª®«¥¡ ­¨ï ¢ áª®à®áâ¨ ¤¢¨�¥­¨ï í«¥ªâà®­  ¢ ­ ¯à ¢«¥-­¨¨ ¬ £­¨â­®£® ¯®«ï ; ¯à¨ íâ®¬ ¢ ¯à®¥ªæ¨¨ ­  ¯«®áª®áâì, ­®à¬ «ì­ãî5



ª ­ ¯à ¢«¥­¨î ­  ­ ¡«î¤ â¥«ï, ¢¥ªâ®à ãáª®à¥­¨ï ¯à®áâ® ¢à é ¥âáï áç áâ®â®© ωB.�â®¡ë ¯®«ãç¨âì ¢ëà �¥­¨¥ ¤«ï ¨§«ãç¥­¨ï  ­á ¬¡«ï í«¥ªâà®­®¢ â¥-¯«®¢®© ¯« §¬ë ¬ë ¤®«�­ë ¢ (6.14) ¯®¤áâ ¢¨âì ¢ëà �¥­¨¥ ¤«ï â¥¯«®¢®©áª®à®áâ¨,   â ª�¥ ãç¥áâì ¤®¯¯«¥à®¢áª®¥ á¬¥é¥­¨¥ ç áâ®â ¤«ï ¬ ªá¢¥«-«®¢áª®£® à á¯à¥¤¥«¥­¨ï áª®à®áâ¥© í«¥ªâà®­®¢. � à¥§ã«ìâ â¥ ¬®�¥¬ ¯®-«ãç¨âì ¢ëà �¥­¨¥ ¤«ï ¨§«ãç â¥«ì­®© á¯®á®¡­®áâ¨ ¢ ¢¨¤¥ :
ǫ =

s2s

2ss!

e2ωNe

c
(
vT

c
)2s−2 B(α)

| cos α|e
−

(ω−sωH)2

2v2
T

cos2 αc2 (20)�®íää¨æ¨¥­â ¯®£«®é¥­¨ï ¯à¨ íâ®¬ ¬®�¥â ¡ëâì ­ ©¤¥­ ¨§ § ª®­ �¨àå£®ää .
κjs =

√

π

2

s2s

2ss!

ω

c
Xβ2s−3

T Bjs(α) · e
−

(ω−sωH)2

2ω2β2
T

cos2 α (21)£¤¥ äã­ªæ¨ï Bjs(α) ¯à¥¤áâ ¢«ï¥â § ¢¨á¨¬®áâì ¨§«ãç¥­¨ï.¯®£«®é¥­¨ï ®â­ ¯à ¢«¥­¨ï ¨§«ãç¥­¨ï ®â­®á¨â¥«ì­® ¬ £­¨â­®£® ¯®«ï.
Bjs(α) = (cos σ + sin σ cos α)2 sin2s−2 α

cos α
, (22)�¤¥áì ¢¥«¨ç¨­ X ¥áâì ¡¥§à §¬¥à­ ï í«¥ªâà®­­ ï ª®­æ¥­âà æ¨ï (X =

4πNee2

mω2 ), ¯à¨ç¥¬ ®â­®è¥­¨¥ ®á¥© í««¨¯á  ¯®«ïà¨§ æ¨¨ tanσ à §«¨ç­® ¤«ï¤¢ãå â¨¯®¢ ¢®«­. �®íää¨æ¨¥­â ¨§«ãç¥­¨ï/¯®£«®é¥­¨ï ã¡ë¢ ¥â á à®-áâ®¬ ­®¬¥à  £ à¬®­¨ª¨, áâ ­®¢ïáì á« ¡¥¥ ¯® ¯®àï¤ªã ¢¥«¨ç¨­ë ¢ (vt

c
)2¨«¨ kT

mc2
à § ¤«ï ª �¤®© á«¥¤ãîé¥© £ à¬®­¨ª¨. � �¥ ¢ áà ¢­¨â¥«ì­®£®àïç¥© ¯« §¬¥ á®«­¥ç­®© ª®à®­ë íâ  ¢¥«¨ç¨­  ï¢«ï¥âáï ¬ «®© ¢¥«¨-ç¨­®© ¯®àï¤ª  10−4.6.3. �¨ £­®áâ¨ª  ª®á¬¨ç¥áª®© ¯« §¬ë­  ®á­®¢¥  ­ «¨§  â¥¯«®¢®£® æ¨ª«®âà®­­®£® ¨§«ãç¥­¨ï� ª ¬ë ¢¨¤¥«¨ ¢ëè¥, ¨§«ãç¥­¨¥ â¥¯«®¢ëå í«¥ªâà®­®¢ ¢ ¯« §¬¥ á®-áâ®¨â ¨§ àï¤  «¨­¨© ­  £ à¬®­¨ª å £¨à®ç áâ®âë, ¯à¨ç¥¬ ¨­â¥­á¨¢­®áâìª �¤®© á«¥¤ãîé¥© £ à¬®­¨ª¨ §­ ç¨â¥«ì­® á« ¡¥¥ ¯à¥¤ë¤ãé¥©. �¨à¨-­  ¨§«ãç¥­¨ï ­  ª �¤®© £ à¬®­¨ª¥ ®¯à¥¤¥«ï¥âáï ¤®¯¯«¥à®¢áª¨¬ íä-ä¥ªâ®¬ ¤¢¨�¥­¨ï ¨§«ãç îé¨å â¥¯«®¢ëå í«¥ªâà®­®¢ ¢¤®«ì ¬ £­¨â­®£®¯®«ï, â® ¥áâì ∆f/f ≈ vT /c/�̇ ¯à¨¬¥à, ¤«ï ª®à®­ «ì­ëå í«¥ªâà®­®¢ è¨-à¨­  «¨­¨¨ ¬®�¥â ¡ëâì ¯®àï¤ª  1áâà®£® ¯®¯¥à¥ª ¯®«ï ®­  áâ ­®¢¨âáï6



§­ ç¨â¥«ì­® ã�¥ . �áâ®ç­¨ª¨ á â ª¨¬ «¨­¥©ç âë¬ á¯¥ªâà®¬ ¢®§¬®�­ë®¤­ ª® â®«ìª® ¯à¨ ãá«®¢¨¨ ¤®áâ â®ç­® ®¡è¨à­®© ®¡« áâ¨ ®¤­®à®¤­®£®¬ £­¨â­®£® ¯®«ï. �¤­®à®¤­ë¥ ¯®«ï ¢ á®ç¥â ­¨¨ á «®ª «ì­ë¬¨  ­®¬ «¨-ï¬¨ â¥¬¯¥à âãàë ¬®£ãâ ¨¬¥âì ¬¥áâ® ¢ ª®à®­ «ì­ëå  àª å, â®ª®¢ëå á«®-ïå ¨ ­¥ª®â®àëå ¤àã£¨å ¯« §¬¥­­ëå áâàãªâãà å, ¯à¨áãâáâ¢¨¥ ª®â®àëå®�¨¤ ¥âáï ¢ ª®á¬¨ç¥áª¨å ®¡ê¥ªâ å. �®®¡é¥­¨ï ®¡ ®¡­ àã�¥­¨¨ â ª®£®à®¤  æ¨ª«®âà®­­ëå «¨­¨© ¨¬¥îâáï ¢ ¯¥ç â¨, å®âï ¨ ­¥¬­®£®ç¨á«¥­­ë¥.�®à §¤® ¡®«¥¥ ¨§ãç¥­­ë¬ ¨ ¯®¤à®¡­® ¨áá«¥¤®¢ ­­ë¬ á«ãç ¥¬ ï¢«ï-¥âáï ¨§«ãç¥­¨¥ ¨áâ®ç­¨ª®¢ á ¯à®âï�¥­­®© ®¡« áâìî ¨§«ãç¥­¨ï, ®å¢ -âë¢ îé¥© ¯à®áâà ­áâ¢® á ­¥®¤­®à®¤­ë¬ ¬ £­¨â­ë¬ ¯®«¥¬. �á«¥¤áâ¢¨¥¯®á«¥¤­¥£® ®¡áâ®ïâ¥«ìáâ¢  à §­ë¥ ®¡« áâ¨ ¢¤®«ì «ãç  §à¥­¨ï, ¨¬¥ï à §-«¨ç­ë¥ ­ ¯àï�¥­­®áâ¨ ¬ £­¨â­®£® ¯®«ï, ¨§«ãç îâ ­  à §­ëå ç áâ®â å.Ǒà¨ íâ®¬ ¥áâ¥áâ¢¥­­® ­ ¡«î¤ ¥âáï ¨áâ®ç­¨ª á ­¥¯à¥àë¢­ë¬ á¯¥ªâà®¬.� ª®£® à®¤  ¨áâ®ç­¨ª¨ áãé¥áâ¢ãîâ, ­ ¯à¨¬¥à, ­ ¤ á®«­¥ç­ë¬¨ ¯ïâ­ -¬¨.Ǒà¨ íâ®¬ ¤«ï ¤¨ £­®áâ¨ª¨ ª®á¬¨ç¥áª®© ¯« §¬ë ­ ¬ ã¤®¡­¥¥ ¨á¯®«ì-§®¢ âì ¢ëà �¥­¨¥ ¤«ï ®¯â¨ç¥áª®© â®«é¨ ¨§«ãç îé¥£® á«®ï ­  ¤ ­­®©ç áâ®â¥. �â®¡ë ¯ ©â¨ ¥£® ¯à®¨­â¥£à¨àã¥¬ ª®íää¨æ¨¥­â ¯®£«®é¥­¨ï¢¤®«ì «ãç  §à¥­¨ï, áç¨â ï ¯®«¥ á« ¡® ­¥®¤­®à®¤­ë¬ grad B = const.Ǒ®«ãç¨¬ :
τjs =

√
2π

s2s

2ss!

ω

c
β2s−2

T BjsLH | cosα| (23)� ¡«î¤¥­¨ï á¯¥ªâà®¢ ¨ ¯®«ïà¨§ æ¨¨ â ª®£® â¨¯  ¨áâ®ç­¨ª®¢ ¤ «¨íää¥ªâ¨¢­ë© ¬¥â®¤ ¨§¬¥à¥­¨ï ¬ £­¨â­ëå ¯®«¥© ¢ ª®à®­¥ ­ ¤ ¯ïâ­ ¬¨,­¥¤®áâã¯­ëå ¤«ï  ­ «¨§  âà ¤¨æ¨®­­ë¬ ®¯â¨ç¥áª¨¬ ¬¥â®¤ ¬, ¡ §¨àãî-é¨¬áï ­  íää¥ªâ¥ �¥¥¬ ­ . � ¤¨® áâà®­®¬¨ç¥áª¨¥ ¨§¬¥à¥­¨ï ®á­®¢ ­ë­  ®¯à¥¤¥«¥­¨¨ ­ ¨¡®«¥¥ ª®à®âª®© ¢®«­ë, ­  ª®â®à®© ¯à®ï¢«ï¥âáï ¬ £-­¨â­®â®à¬®§­®¥ ¨§«ãç¥­¨¥. Ǒà®áâë¥ ¬®¤¥«ì­ë¥ ®æ¥­ª¨ ¯®ª §ë¢ îâ, çâ®®­® ¬®�¥â íää¥ªâ¨¢­® ¢®§­¨ª âì ­  3-¥© (¤«ï ­¥®¡ëª­®¢¥­­®©) ¨ 2-©(¤«ï ®¡ëª­®¢¥­­®© ¢®«­ë) £ à¬®­¨ª å £¨à®ç áâ®âë. �¨«ì­ ï ªàã£®¢ ï¯®«ïà¨§ æ¨ï íâ®£® ¨§«ãç¥­¨ï ®¡ãá«®¢«¥­  ¡®«ìè¨¬¨ £à ¤¨¥­â ¬¨ â¥¬-¯¥à âãàë ¢ á®«­¥ç­®©  â¬®áä¥à¥ ¯à¨ ¯¥à¥å®¤¥ ®â åà®¬®áä¥àë ª ª®à®­¥.�®®â¢¥âáâ¢ãîé¨¥ ä®à¬ã«ë, ¯® ª®â®àë¬ ¢ëç¨á«ï¥âáï ¬ £­¨â­®¥ ¯®-«¥ ¨¬¥îâ ¢¨¤ :
B3 =

3570

λ′ (24)7



B2 =
5400

λ′′ labelf6.21 (25)�¨áã­®ª 6.2 ¨««îáâà¨àã¥â ¯à¨¬¥­¥­¨¥ íâ®£® ¬¥â®¤ .

�¨áã­®ª 6.2. �å¥¬ â¨ç¥áª®¥ ¨§®¡à �¥­¨¥ á«®¥¢, ¨§«ãç îé¨å ­  £ à-¬®­¨ª å £¨à®ç áâ®âë ¢  â¬®áä¥à¥ �®«­æ  ­ ¤ á®«­¥ç­ë¬ ¯ïâ­®¬. �¨-­¨¨ á® áâà¥«ª ¬¨ ¯®ª §ë¢ îâ á¨«®¢ë¥ «¨­¨¨ ¬ £­¨â­®£® ¯®«ï. �¨à-­ë¥ ªà¨¢ë¥ á ­®¬¥à ¬¨ æ¨ª«®âà®­­ëå £ à¬®­¨ª s | íâ® ®¡« áâ¨ £¨à®-à¥§®­ ­á  ­  á®®â¢¥âáâ¢ãîé¨å ç áâ®â å, ï¢«ïîé¨¥áï ¢ â® �¥ ¢à¥-¬ï ¯®¢¥àå­®áâï¬¨ ¯®áâ®ï­­®© ­ ¯àï�¥­­®áâ¨ ¬ £­¨â­®£® ¯®«ï (B =
const¥). £®à¨§®­â «ì­ ï ¯ã­ªâ¨à­ ï «¨­¨ï ¯®ª §ë¢ ¥â ¯®«®�¥­¨¥ ¯¥-à¥å®¤­®© ®¡« áâ¨ ¬¥�¤ã ª®à®­®© ¨ åà®¬®áä¥à®©.4. �¨ £­®áâ¨ª  ­¥â¥¯«®¢®£® æ¨ª«®âà®­­®£® ¨§«ãç¥­¨ï� àï¤ã á ¨§«ãç¥­¨¥¬ â¥¯«®¢®© ¯« §¬ë ¢ ¬ £­¨â­®¬ ¯®«¥ ¡®«ìè®¥§­ ç¥­¨¥ ¤«ï  áâà®ä¨§¨ª¨ ¨¬¥îâ â ª�¥ á«ãç ¨ ¨§«ãç¥­¨ï ãáª®à¥­­ëåí«¥ªâà®­®¢ á à á¯à¥¤¥«¥­¨¥¬ ¯® áª®à®áâï¬, ®â«¨ç îé¨¬áï ®â ¬ ªá¢¥«-«®¢áª®£®. �á«¨ áª®à®áâ¨ í«¥ªâà®­®¢ ¯à¨ íâ®¬ ®áâ îâáï ¬­®£® ¬¥­ìè¥
c, â® ¯®-¯à¥�­¥¬ã ¤«ï à áç¥â  ¨­â¥­á¨¢­®áâ¨ ¨ ¯®«ïà¨§ æ¨¨ ¨§«ãç¥-­¨ï ¬®�­® ¯®«ì§®¢ âìáï ¯à¨¢¥¤¥­­ë¬¨ ¢ëè¥ ä®à¬ã« ¬¨ (6.14) ¨ (6.15).�á«¨ ¨§¢¥áâ­® (¨«¨ ¯à¨­ïâ®) ª ª®¥-«¨¡® à á¯à¥¤¥«¥­¨¥ ¨§«ãç îé¨å ç -áâ¨æ ¯® áª®à®áâï¬, â® ¨­â¥£à¨àãï íâ¨ ¢ëà �¥­¨ï (¯® ªà ©­¥© ¬¥à¥ ç¨-á«¥­­®) ¬®�­® ­ ©â¨ ¨ ¨§«ãç â¥«ì­ãî á¯®á®¡­®áâì ¥¤¨­¨æë ®¡ê¥¬ .�¯¥ªâà ¨§«ãç¥­¨ï á®áâ®¨â ¯à¨ íâ®¬ ¨§ àï¤  «¨­¨©, á®®â¢¥âáâ¢ãîé¨å£ à¬®­¨ª ¬ £¨à®ç áâ®âë. �«ï ­¥â¥¯«®¢ëå ç áâ¨æ ¥áâ¥áâ¢¥­­® ç¨á«® «¨-­¨© (­®¬¥à  £ à¬®­¨ª) ã�¥ ¬®�¥â áãé¥áâ¢¥­­® ¡ëâì ¢ëè¥ âà¥å. �¤­ ª®¨­â¥­á¨¢­®áâì ¨å ¯®-¯à¥�­¥¬ã á¯ ¤ ¥â á ­®¬¥à®¬,   è¨à¨­  à áâ¥â á à®-áâ®¬ áà¥¤­¥© í­¥à£¨¨ ç áâ¨æë, ¯à¨¢®¤ï ª ¢®§¬®�­®¬ã ¯¥à¥ªàëâ¨î ¨å8



ç áâ®â.� ¤¥©áâ¢¨â¥«ì­®áâ¨ á¯¥ªâà ¨§«ãç¥­¨ï  ­á ¬¡«ï ç áâ¨æ â ª�¥ § ¢¨-á¨â ¨ ®â áâàãªâãàë ¬ £­¨â­®£® ¯®«ï. � «¨ç¨¥ £à ¤¨¥­â®¢ ¯®«ï, ª ª ¨ ¢á«ãç ¥ â¥¯«®¢®£® æ¨ª«®âà®­­®£® ¨§«ãç¥­¨ï ¤®«�­® ¯à¨¢®¤¨âì ª ­¥¯à¥-àë¢­®¬ã á¯¥ªâàã. � ¡«î¤¥­¨ï ®â¤¥«ì­ëå «¨­¨© £ à¬®­¨ª ¬®�¥â ¯à®-ï¢¨âìáï «¨èì ¢ ¨áª«îç¨â¥«ì­ëå ®¡áâ®ïâ¥«ìáâ¢ å | áâàãªâãà å á ¤®-áâ â®ç­® ¢ëà �¥­­ë¬ ®¤­®à®¤­®¬ ¯®«¥¬, ¢ ª®â®à®¬ ã¤¥à�¨¢ îâáï ¨«¨¢ ª®â®à®¥ ¢¯àëáª¨¢ îâáï ¡ëáâàë¥ ç áâ¨æë.�«ãç ©, ª®£¤  í­¥à£¨ï ç áâ¨æ ¯à¨¡«¨� ¥âáï ª à¥«ïâ¨¢¨áâáª®© ¬ë®¡áã¤¨¬ ¢ á«¥¤ãîé¥© «¥ªæ¨¨.
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��������� ������������ ���������������¥ªæ¨ï 7�¥¬  : ������������� ���������§«ãç¥­¨¥ à¥«ïâ¨¢¨áâáª¨å í«¥âªà®­®¢ (â.¥. ¨¬¥îé¨å áª®à®áâì v ' c)¢ ¬ £­¨â­®¬ ¯®«¥ | á¨­åà®âà®­­®¥ ¨§«ãç¥­¨¥ ¯à¨­ ¤«¥¦¨â ª ®¤­®¬ã¨§ ­ ¨¡®«¥¥ ¯®¯ã«ïà­ëå ¬¥å ­¨§å¬®¢ £¥­¥à æ¨¨ à ¤¨®¢®«­ ¢ ª®á¬®á¥.� ¨¡®«¥¥ ¯à®áâ ¤«ï à áá¬®âà¥­¨ï á«ãç © ã«ìâà à¥«ïâ¨¢¨áâ¢ª¨å ç áâ¨æá ª¨­¥â¨ç¥áª®© í­¥ªà£¨¥© � > mc2, ¨ ¬ë ­ ç­¥¬ á  ­ «¨§  íâ®£® ¡®«¥¥¯à®áâ®£® á«ãç ï. �¤­ ª® á«¥¤ã¥â ¨¬¥âì ¢ ¢¨¤ã, çâ® ¢® ¬­®£¨å ¢ ¦­ëå¤«ï ¯à¨¬¥­¥­¨© á¨âã æ¨ïå ¢áâà¥ç ¥âáï ¡®«ìè®¥ à §­®®¡à §¨¥ à á¯à¥-¤¥«¥­¨ï ¨§«ãç îé¨å í«¥ªâà®­®¢ ¯® í­¥à£¨ï¬. � â ª¨å á«ãç ïå, ª ª ¬ëã¦¥ £®¢®à¨«¨, ¯à¨å®¤¨âáï ¯®«ì§®¢ âìáï £à®¬®§¤ª¨¬¨ ä®à¬ã« ¬¨ ¨ ¨á-¯®«ì§®¢ âì ¢ëç¨á«¨â¥«ì­ë¥ ¬¥â®¤ë. �ãé¥áâ¢ãîâ â ª¦¥ ¯à¨¡«¨¦¥­­ë¥í¬¯¨à¨ç¥áª¨¥ ä®à¬ã«ë, ã¯à®é îé¨¥ â ª¨¥ à áç¥âë.7.1. �§«ãç¥­¨¥ ®â¤¥«ì­®£® à¥«ïâ¨¢¨á¨âáª®£® í«¥ªâà®­ 
�¨áã­®ª 7.1. �§«ãç¥­¨¥ à¥«ïâ¨¢¨áâª®£® í«¥ªâà®­  ¢ ¬ £­¨â­®¬ ¯®«¥� áâ®â  ¢à é¥­¨ï à¥«ïâ¨¢¨áâáª®£® í«¥ªâà®­  ¢ ¬ £­¨â­®¬ ¯®«¥ ®¯à¥-¤¥«ï¥âáï (¢ ®â«¨ç¨¥ ®â ­¥à¥«ïâ¨¢¨áâáª®£® á«ãç ï) ¤¢ã¬ï ¯ à ¬¥âà ¬¨ :­ ¯àï¦¥­­®áâìî ¬ £­¨â­®£® ¯®«ï ~B ¨ í­¥à£¨¥© (à¥«ïâ¨¢¨áâáª®© ¬ áá®©m = m�=q1� v2=c2) í«¥ªâà®­ .!B = eBmc = eBm�cs1� v2c2 = eBm�c � m�c2E (7:1)1



�¥©ç á ¬ë à áá¬ âà¨¢ ¥¬ í«¥ªâà®­ë á® á ª®à®áâìî v � c ¨ í­¥à£¨¥©�� m�c2. �­â¥­á¨¢­®áâì ¨§«ãç¥­¨ï í«¥ªâà®­ I = c4�E2 �R2; (7:2)£¤¥ R | à ááâ®ï­¨¥ ®â í«¥ªâà®­  ¤® ­ ¡«î¤ â¥«ï. �«¥ªâà¨ç¥áª®¥ ¯®«¥~E ¢®«­ë ¬®¦­® ­ ©â¨, ¥á«¨ ¨§¢¥áâ­® ¢ëà ¦¥­¨¥ ¤«ï ¢¥ªâ®à­®£® ¯®â¥­-æ¨ «  : ~E = �1c _~A; (7:3)ª®â®à®¥ ¬ë ¡¥à¥¬ ¢ ä®à¬¥ ¯®â¥­æ¨ «  �¨¥­ à -�¨å¥àâ  :~A = � ecR ~v1� ~v�~nc (7:4)�§ íâ®£® ãà ¢­¥­¨ï «¥£ª® §ª«îç¨âì, çâ® ¯®«¥ ¨§«ãç ¥¬®© ¢®«­ë §­ -ç¨â¥«ì­® ã¢¥«¨ç¨¢ ¥âáï, ª®£¤  í«¥ªâà®­ ¤¢¨¦¥âáï ¯® ­ ¯à ¢«¥­¨î ª­ ¡«î¤ â¥«ï (íâ® ­ ¯à ¢«¥­¨¥ § ¤ ¥âáï ¥¤¨­¨ç­ë¬ ¢¥ªâ®à®¬ ~n). �«ïí«¥ªâà®­ , ¤¢¨£ îé¥£®áï á® áª®àáâìî, ¡«§ª®© ª áª®à®áâ¨ á¢¥â , ã£®«¢ ª®âà®¬ ®­ ¨§«ãç ¥â ¢¥áì¬  ã§ª¨©. �á«¥¤áâ¢¨¥ íâ®£® ¨§«ãç ¥¬ë© ¨¬-¯ã«ìá ®ª §ë¢ ¥âáï ®ç¥­ì ª®à®âª¨¬. � ç­¥¬ á ®æ¥­ª¨ à áâ¢®à  ã£«  ¨§-«ãç¥­¨ï � � 1. �æ¥­ªã íâ®© ¢¥«¨ç¨­ë á¤¥« ¥¬ ¨§ á®®â­®è¥­¨ï, ª®â®à®¥®¯à¥¤¥«ï¥â ã£®«, ¯à¨ ª®â®à®¬  ¬¯«¨âã¤  ¢¥ªâ®à­®£® ¯®â¥­æ¨ «  ã¬¥­ì-è ¥âáï ¢ ¤¢  à §  : 2(1� vc ) = (1� vc cos ��) (7:5)�ç¨âë¢ ï, çâ® cos �� � 1� ��2 , ¯®«ãç ¥¬ :1� vc � vc �2�2� ª¨¬ ®¡à §®¬, ãçâï, çâ® 1 + vc � 2, ¨¬¥¥¬ :�2� = 1� v2c2 ) �� � m�c2� (7:6)�¥¯¥àì ­ ©¤¥¬ ¢¥«¨ç¨­ã ¯à®¬¥¦ãâª  ¢à¥¬¥­¨, ¢ â¥ç¥­¨¨ ª®â®à®£®¤«¨âáï ¨§«ãç¥­¨¥ (è¨à¨­ã ¨¬¯ã«ìá  ¨§ â®çª¨ ­ ¡«î¤¥­¨ï). �«ï íâ®£®à §¤¥«¨¬ ã£®« � ­  ã£«®¢ãî áª®à®áâì ! ¨ ãçâ¥¬ íää¥ªâ �®¯¯«¥à  :2



�t � ��!B (1� vc ) = m�c2� m�ceB �m�c2 12(m�c�2 )2 = 12m�ceB (m�c2)2�2 (7:7)�¥¯¥àì ¬ë ¬®¦¥¬ ®æ¥­¨âì æ¥­âà «ì­ãî ç áâ®âã ¨§«ãç¥­¨ï ¨ è¨à¨­ã¯®«®áë ¨§«ãç ¥¬ëå ç áâ®â!max � 1�t = 2em3�c5B�2 (7:8)
�¨áã­®ª 7.2. � ¢¨á¨¬®áâì á¨­åà®âà®­­®£® ¨§«ãç¥­¨ï ®â ¢à¥¬¥­¨¨ �! � !max �f � fmax (7:9)7.2. �¢¨¦¥­¨¥ ¯® ¢¨­â®¢®© «¨­¨¨�ë à áá¬®âà¥«¨ ¯à®æ¥áá á¨­åà®âà®­­®£® ¨§«ãç¥­¨ï, ¨¬¥îé¨© ¬¥-áâ®, ª®£¤  ç áâ¨æ  ¤¢¨¦¥âáï ¢ ¯«®áª®áâ¨, ¯¥à¯¥­¤¨ªã«ïà­®© ­ ¯à ¢«¥-­¨î ¬ £­¨â­®£® ¯®«ï (¯¨âç-ã£®« � = �2 ). � ¤¥©áâ¢¨â¥«ì­®áâ¨, ¯à ªâ¨ç¥-áª¨ ¢á¥ ¨§«ãç îé¨¥ ç áâ¨æë ¨¬¥îâ ª®¬¯®­¥­âã áª®à®áâ¨ vk = v cos�,­ ¯à ¢«¥­­ãî ¢¤®«ì ¬ £­¨â­®£® ¯®«ï. �«ï ª ¦¤®© ®â¤¥«ì­®© ç áâ¨-æë ¬ë ¬®¦¥¬ ¢ë¡à âì á¨áâ¥¬ã ®âáç¥â , ¢ ª®â®à®© vk = 0. �®£¤  ¡ã¤ãâá¯à ¢¥¤«¨¢ë ¢á¥ à ááã¦¤¥­¨ï ¯à¥¤¨¤ãé¥£® à §¤¥« . � â¥¬ ¬ë ¬®¦¥¬ á¯®¬®éìî ¯à¥®¡à §®¢ ­¨© â¥®à¨¨ ®â­®á¨â¥«ì­®áâ¨ ¢¥à­ãâìáï ª à áá¬®-âà¥­¨î ¯®«ï ¨á¯ãáª ¥¬®© ¢®«­ë ¢ ¨áå®¤­®© á¨áâ¥¬¥ ª®®à¤¨­ â. � §ã¬¥-¥âáï, â ª®¥ ¯à¥®¡à §®¢ ­¨¥ ­¥«ì§ï ®áãé¥áâ¢¨âì ¯® ®â­®è¥­¨î ª® ¢á¥¬ç áâ¨¬æ ¬  ­á ¬¡«ï ®¤­®¢à¥¬¥­­®.3



�¨áã­®ª 7.3. �æ¥­ª  ¨§¬¥­¥­¨ï ¯¥à¨®¤  ¢à é¥­¨ï í«¥âà®­  á â®çª¨§à¥­¨ï ­ ¡«î¤ â¥«ï�ë ¯®áâ à ¥¬áï ¯®­ïâì áãâì ®â«¨ç¨©, ­¥ ®¡à é ïáì ª ã  § ­­ë¬ä®à¬ «ì­ë¬ ¯à¥®¡à §®¢ ­¨ï¬. � ç­¥¬ á ®æ¥­ª¨ ¢¨¤¨¬®© ­ ¡«î¤ â¥«îç áâ®âë ®¡à é¥­¨ï í«¥ªâà®­ ,   áâ «® ¡ëâì, ¨ ç áâ®âë/¯¥à¨®¤  á«¥¤®-¢ ­¨ï ¨§«ãç ¥¬ëå ¨¬¯ã«ìá®¢. �ãâì ¤¥«  «¥£ª® ¯®­ïâì ¨§ à áá¬®âà¥­¨ï�¨áã­ª  7.3. �¥à¨®¤ T á®ªà é ¥âáï, ¯à¥¦¤¥ ¢á¥£®, §  áç¥â â®£®, çâ® í«¥ª-âà®­ ¨¬¥¥â ¯à®¤®«ì­ãî ª®¬¯®­¥­âã áª®à®áâ¨ ¢¤®«ì ¬ £­¨â­®£® ¯®«ï ¯®­ ¯à ¢«¥­¨î ª ­ ¡«î¤ â¥«î. � ¬¥â¨¬, çâ®, ¥á«¨ íâ  ª®¬¯®­¥­â  ­ -¯à ¢«¥­  ®â ­ ¡«î¤ â¥«ï, â® â ª®© í«¥ªâà®­ ­¥ ¤ ¥â ¤«ï ­¥£® á¨«ì­®£®á¨­åà®âà®­­®£® ¨§«ãç¥­¨ï, â ª ª ª ¨á¯ãáª ¬ë© ¨¬¯ã«ìá ¯à¨ «î¡®¬ ¯®-«®¦¥­¨¨ í«¥ªâà®­  ­  ®à¡¨â¥ ­ ¯à ¢«¥­ ¢ ¤àã£ãî áâ®à®­ã. �®ªà é¥­¨¥¢¨¤¨¬®£® ¯¥à¨®¤  á¨­åà®âà®­­®£® ¨§«ãç¥­¨ï ¨§«ãç¥­¨ï ®¯à¥¤¥«ï¥âáï®¤­ ª® ­¥ ¢á¥© ¯à®¤®«ì­®© áª®à®áâìî ç áâ¨æë,   «¨èì ¥ñ á®áâ ¢«ïî-é¥© ¢¤®«ì «ãç  §à¥­¨ï v cos� cos�. � ª¨¬ ®¡à §®¬, ¢¨¤¨¬ë© ¯¥à¨®¤¥áâì T 0 = T (1� vc cos� cos�) � T (1� vc cos� cos�) � T sin2 �: (7:10)�¤¥áì ¬ë ãç«¨, çâ® í«¥ªâà®­ (¨«¨ ¤àã£ ï ¨§«ãç îé ï ç áâ¨æ ) ¤¢¨¦¥â-áï á® áª®à®áâìî ¡«¨§ª®© ª áª®à®áâ¨ á¢¥â  ¨ çâ® ¨§«ãç¥­¨¥ ¯à®¨áå®¤¨â¢ ã§ª®¬ ã£«¥ (®âªã¤  � � �). �®®â¢¥âáâ¢¥­­®¥ ¨§¬¥­¥­¨¥ (à®áâ) ­ ¡«î-¤ ¥¬®© ç áâ®âë ¢à é¥­¨ï ç áâ¨æë ¨ ¨§«ãç ¥¬ëå ¥î ¨¬¯ã«ìá®¢!00 � !0sin2 �; (7:11)£¤¥ !0 ®¯à¥¤¥«ï¥âáï ä®à¬ã«®© (7.1), ãç¨âë¢ îé¥© à¥«ïâ¨¢¨áâáªãî ¬ á-áã í«¥ªâà®­ .�ë â ª¦¥ ¤®«¦­ë ãç¥áâì ¢«¨ï­¨¥ ¨§¬¥­¥­¨ï ­ ¯à ¢«¥­¨ï áª®à®áâ¨­  ¤«¨­ã ­ ¡«î¤ ¥¬®£® ¨¬¯ã«ìá  ¨ á®®â¢¥âáâ¢¥­­® è¨à¨­ë á¯¥ªâà  ¨§-«ãç¥­¨ï. � ª «¥£ª® ãá¬®âà¥âì ¨§ �¨áã­ª  7.4, ¢à¥¬ï ­ å®¦¤¥­¨ï ­ -¡«î¤ â¥«ï ¢ ª®­ãá¥ á¢¥ç¥­¨ï (à áâ¢®à  �0 = moc2E ), ¢®§à áâ ¥â ®¡à â­®¯à®¯®àæ¨®­ «ì­® sin�. �â® ¯®§¢®«ï¥â ãç¥áâì íää¥ªâ ¢ ä®à¬ã« å (7.7),(7.8) § ¬¥­®© B ­  B? :fmax � �f � 1�t / B?E2 (7:12)4



7.3. �®«ïà¨§ æ¨ï á¨­åà®âà®­­®£® ¨§«ãç¥­¨ï� ¯à ¢«¥­¨¥ ¬ £­¨â­®£® ¯®«ï ®¯à¥¤¥«ï¥â ­ ¯à ¢«¥­¨¥ ¯®«ïà¨§ æ¨¨(­ ¯à ¢«¥­¨¥ ª®«¥¡ ­¨© í«¥ªâà¨ç¥áª®£® ¢¥ªâ®à  ¢ ¢®«­¥). �«ï í«¥ª-âà®­®¢ ®ç¥­ì ¢ëá®ª¨å í­¥à£¨© ¬ë à¥£¨áâà¨àã¥¬ ¨å ¨§«ãç¥­¨¥ â®«ìª®¢ â¥ç¥­¨¨ ª®à®âª®£® ¯à®¬¥¦ãâª  ¢à¥¬¥­¨, ª®£¤  í«¥ªâà®­ ¤¢¨¦¥âáï ¯®­ ¯à ¢«¥­¨î ª ­ ¡«î¤ â¥«î. �¥ªâ®à ãáª®à¥­¨ï ¯¥à¯¥­¤¨ªã«ïà¥­ ª áª®-à®áâ¨ ¨ ¢ â¥ç¥­¨¥ ª®à®âª®£® ¯à®¬¥¦ãâª  ¨¬§«ãç ¥¬®£® ¨¬¯ã«ìá  \­¥ãá¯¥¢ ¥â" ¨§¬¥­¨âì á¢®¥£® ­ ¯à ¢«¥­¨ï. � ª¨¬ ®¡à §®¬, ¬ë ®¦¨¤ ¥¬«¨­¥©­ãî ¯®«ïà¨§ æ¨î, ­ ¯à ¢«¥­¨¥ í«¥ªâà¨ç¥áª®£® ¢¥ªâ®à  ª®â®à®©¯¥à¯¥­¤¨ªã«ïà­® ¯«®áª®áâ¨, ¢ ª®â®à®© «¥¦ â ¬ £­¨â­®¥ ¯®«¥ ¨ ­ ¯à -¢«¥­¨¥ ­  ­ ¡«î¤ â¥«ï. �¤­ ª® ­  ¡®«¥¥ ­¨§ª¨å ç áâ®â å (f � fmax)§  ¯¥à¨®¤ ¢®«­ë ­ ¯à ¢«¥­¨¥ ¢¥â¥®à  áª®à®áâ¨ ¨, á®®â¢¥âáâ¢¥­­®, ãáª®-à¥­¨ï §  ®¤¨­ ¯¥à¨®¤ ¢®«­ë ãá¯¥¢ ¥â ¨§¬¥­¨âìáï ¨ ¢ à¥§ã«ìâ â¥ ¢®«­ ®ª §ë¢ ¥âáï ¯®«ïà¨§®¢ ­­®© í««¨¯â¨ç¥áª¨ (ª®­¥ç­® â®«ìª®, ¥á«¨ ­ -¡«î¤ â¥«ì à á¯®«®¦¥­ ¢­¥ ¯«®áª®áâ¨, ¯¥à¯¥­¤¨ªã«ïà­®© ª ¬ £­¨â­®¬ã¯®«î). 7.4. �®â¥à¨ í­¥à£¨¨ ç áâ¨æë ­  ¨§«ãç¥­¨¥�§ í«¥ªâà®¤¨­ ¬¨ª¨ ¨§¢¥áâ­  ä®à¬ã« , ¯®§¢®«ïîé ï á®áç¨â âì ¯®«-­ãî í­¥à£¨î P , ¨§«ãç ¥¬ãî ç áâ¨æ¥© ¯® ¢á¥¬ ­ ¯à ¢«¥­¨ï¬ ¨ ­  ¢á¥åç áâ®â å ¢ ¥¤¨­¨æã ¢à¥¬¥­¨, ¥á«¨ ¨§¢¥áâ­ë ¥ñ áª®à®áâì ¨ ãáª®à¥­¨¥.P = 2e23c3 (d~vdt )2 � (~vc � d~vdt )2(1� v2c2 )3 (7:13)�«ï á«ãç ï ¬ £­¨â­®â®à¬®§­®£® ¨§«ãç¥­¨ï ~v?d~vdt . � ãç¥â®¬ íâ®£®«¥£ª® ¯à¥®¡à §®¢ âì (7.13) ª ¢¨¤ã :P = 2e23c3 (d~vdt )2(1� v2c2 )2 (7:14)�§ ãà ¢­¥­¨ï ¤¢¨¦¥­¨ï à¥«ïâ¨¢¨áâáª®£® í«¥ªâà®­  (7.1) á ãç¥â®¬v � c ¤«ï ãáª®à¥­¨ï í«¥ªâà®­  ¢ ¬ £­¨â­®¬ ¯®«¥ ¨¬¥¥¬ :jd~vdt j = eB?m0 s1� v2c2 (7:15)�®¤áâ ¢«ïï íâ® ¢ëà ¦¥­¨¥ ¢ (7.14) ¨ ãç¨âë¢ ï, çâ® 1� v2c2 = (m2�c2�)2,¯®«ãç ¥¬ 5



P = 2e4B2?�23m40c7 ; (7:16)â® ¥áâì ¯®«­ ï ¬®é­®áâì ¨§«ãç¥­¨ï ¯à®¯®àæ¨®­ «ì­  ª¢ ¤à âã í­¥à£¨¨ç â¨æë ¨ ª¢ ¤à âã ¯®¯¥à¥ç­®© ª®¬¯®­¥­âë ­ ¯àï¦¥­­®áâ¨ ¬ £­¨â­®£®¯®«ï. �âáî¤  ä®à¬ã«  ¤«ï ®æ¥­ª¨ ¢à¥¬¥­¨ ¦¨§­¨ ç áâ¨æë T = �=P ,®¯à¥¤¥«ï¥¬®© ¯®â¥àï¬¨ ­  ¨§«ãç¥­¨¥, ¥áâìT (sec) = 5 � 107B2?� ; (7:17)£¤¥ í­¥à£¨ï ç áâ¨æë ¡¥à¥âáï ¢ í¢.�®«ãç¥­­®¥ ¢ëà ¦¥­¨¥ (7.16) ¢ á®¢®ªã¯­®áâ¨ á ¢ëà ¦¥­¨¥¬ (7.12)¤«ï è¨à¨­ë á¯¥ªâà  ¨§«ãç¥­¨ï ¯®§¢®«ï¥â ®æ¥­¨âì ¬®é­®áâì ¨§«ãç¥­¨ï®â¤¥«ì­®© ç áâ¨æë ¢ ¥¤¨­¨ç­®¬ ¨­â¥à¢ «¥ ç áâ®â :Pf = const �B?; (7:18)â® ¥áâì ®­  ¯à®¯®àæ¨®­ «ì­  ­ ¯àï¦¥­­®áâ¨ ¬ £­¨â­®£® ¯®«ï ¨ ­¥ § -¢¨á¨â ®â í­¥à£¨¨ ç áâ¨æë.7.5. �ää¥ªâ � §¨­ �¥¯¥àì ¬ë à áá¬®âà¨¬, ª ª ¯« §¬ , ®ªàã¦ îé ï ¡ëáâàë¥ í«¥ªâà®-­ë, ¢®§¤¥©áâ¢¥ã¥â ­  ¨å á¨­åà®âà®­­®¥ ¨§«ãç¥­¨¥. �¡à â¨¬áï á­®¢  ªä®à¬ã«¥ ¤«ï ¢¥ªâ®à­®£® ¯®â¥­æ¨ «  �¨¥­ à -�¨å¥àâ  :~A = ecR ~v1� vkcph : (7:19)� íâ®© ä®à¬ã«¥ ¬ë ãç«¨, çâ® áª®à®áâì á¢¥â  c ¢ §­ ¬¥­ â¥«¥ ¢ëà¦¥-­¨ï (7.4) ¥áâì ¢ ¤¥©áâ¢¨â¥«ì­®áâ¨ ä §®¢ ï áª®à®áâì £¥­¥à¨àã¥¬®© ¢®«-­ë. �¬¥­­® ¤¢¨¦¥­¨¥ à¥«ïâ¨¢¨áâáª®£® í«¥ªâà®­  á® áª®à®áâìî, ¡«¨§ª®©ª áª®à®áâ¨ ¢®«­ë c ¨ ¢ â®¬ ¦¥ ­ à ¢«¥­¨¨, ®¯à¥¤¥«ï¥â ä¨§¬ç¥áªãî ¯à¨-ç¨­ã á¨«ì­®£® á¨­åà®à®­­®£® í«¥ªâà®¬ £­¨â­®£® ¨§«ãç¥­¨ï (¯®¤®¡­®£®¬¥å ­¨§¬ã �¥à¥­ª®¢ ). � ª®á¬¨ç¥áª®¬ ¯à®áâà ­áâ¢¥ ®¡ëç­® ­ àï¤ã á¡ëáâàë¬¨ (ãáª®à¥­­ë¬¨) ç áâ¨æ ¬¨ ¯à¨áãâáâ¢ã¥â ¡®«¥¥ å®«®¤­ ï \ä®-­®¢ ï" ¯« §¬ , ª®âà ï ¨ ®¯à¥¤¥«ï¥â áª®à®áâì à á¯à®áâà ­¥­¨ï ¢®«­ë(á¬. �¥ªæ¨î 3) :cph = cn = cq1� !2�!2 = cp1�X � c(1� X2 ) : (7:20)6



� ª á«¥¤ã¥â ¨§ íâ®£® á®®â­®è¥­¨ï, ä §®¢ ï áª®à®áâì ¢®«­ë ¢ ¯« §-¬¥ vph > c, çâ® ¤¥« ¥â, áâà®£® £®¢®àï, á¨­åà®âà®­­®¥ ¨§«ãç¥­¨¥ ¢ ¯à¨-áãâáâ¢¨¨ ä®­®¢®© ¯« §¬ë ­¥¢®§¬®¦­ë¬ : í«¥ªà®­ ­¥ ¬®¦¥â ¤¢¨£ âìáï¡ëáâà¥¥ áª®à®áâ¨ á¢¥â . �¤­ ª® ïá­®, çâ® ¯à¨ ¤®áâ â®ç­® ­¨§ª®© ¯«®â-­®áâ¨ ¯« §¬ë ®â«¨ç¨¥ vph ®â c ­¥§­ ç¨â¥«ì­® ¨ â®£¤  íää¥ªâ®¬ ¢®§-¤¥©áâ¢¨ï ¯« §¬ë ­  ¯à®æ¥áá ¨§«ãç¥­¨ï ¬®¦­® ¯à¥­¥¡à¥çì. �¥¯¥àì ¬ë§ ©¬¥¬áï ®æ¥­ª®© íâ®© £à ­¨ç­®© | ªà¨â¨ç¥áª®© ¯«®â­®áâ¨, ¨«¨, çâ® â®¦¥ | ªà¨â¨ç¥áª®© ç áâ®âë, ¯à¨ ª®â®à®© ­ ç¨­ ¥â ¯à®ï¢«ïâìáï ãª § ­-­ë© íää¥ªâ. �à¨ íâ®¬ ¬ë (¤«ï ¯à®áâ®âë) ®£à ­¨ç¨¬áï á«ãç ¥¬ ­¨§ª®©í«¥ªâà®­­®© ª®­æ¥­âà æ¨¨¨ ¨ ¬ «®© ­ ¯àï¦¥­­®áâ¨ ¬ £­¨â­®£® ¯®«ï.�®á«¥¤­¥¥ ®¡áâ®ïâ¥«ìáâ¢®, ¢ ç áâ­®áâ¨, ¯®§¢®«¨â ­ ¬ ¨á¯®«ì§®¢ âì ¢ë-à ¦¥­¨¥ ¤«ï ª®íää¨æ¨¥­â  ¯à¥«®¬«¥­¨ï ¢®«­ ¢ ¨§®âà®¯­®© ¯¯« §¬¥,¯à¥­¥¡à¥£ ï ¢«¨ï­¨¥¬ ­  ­¥£® ¬ £­¨â­®£® ¯®«ï, ª®â®à®¥ ®¯à¥¤¥«ï¥â á ¬íää¥ªâ ¬ £­¨â­®â®à¬®§­®£® ¨§«ãç¥­¨ï (ç áâ­ë¬ á«ãç ¥¬ ª®â®à®£® ¨ï¢«ï¥âáï á¨­åà®âà®­­®¥ ¨§«ãç¥­¨¥).! � !�; !B (7:21)�®£¤  X = !2�!2 � 1 (7:22)�á«®¢¨¥ â®£®, çâ® ®â«¨ç¨¥ ª®íää¨æ¨¥­â  ¯à¥«®¬«¥­¨ï n ®â ¥¤¨­¨æëáãé¥áâ¢¥­­® ¯®¤ ¢«ï¥â ¬®é­®áâì ¨§«ãç¥­¨ï ¬®¦­® § ¯¨á âì â ª (§­ -¬¥­ â¥«ì ã¤¢ ¨¢ ¥âáï) :2(1� vc ) � 1� vc (1� X2 ) = 1� vc + vXc ) 1� vc = vc � X2 ) X � (m�c2� )2(7:23)�®á«¥¤­¥¥ ¢ëà ¦¥­¨¥ ¯®§¢®«ï¥â ­ ¬ ­ ©â¨ ¢ëà ¦¥­¨¥ ¤«ï ªà¨â¨-ç¥áª®© ç áâ®âë : !c = !��m�c2 (7:24)� áâ® ¡ë¢ ¥â ã¤®¡­® ¨á¯«ì§®¢ âì íâ® ¢ëà ¦¥­¨¥ ¢ ä®à¬¥, ¢ ª®â®-à®© ¨áª«îç ¥âáï ¨§ à áá¬®âà¥­¨ï í­¥à£¨ï í«¥ªâà®­  � (á ¯®¬®éìî á®-®â­®è¥­¨ï (7.8), ®¯à¥¤¥«ïîé¥£® å à ªâ¥à­ãî ç áâ®âã á¨­åà®âà®­­®£®¨§«ãç¥­¨ï !max � !c) : 7



!c � !2c!max � !2�m�ceB / NB (7:25)� â ª®© ä®à¬¥ ¢ëà ¦¥­¨¥ ¤«ï ªà¨â¨ç¥áª®© ç áâ®âë ¯®§¢®«ï¥â ®æ¥-­¨âì ­ ¯àï¦¥­­®áâì ¬ £­¨â­®£® ¯®«ï, ¯à¨ ãá«®¢¨¨, çâ® ã ­ á ¥áâì ­¥-§ ¢¨á¨¬ ï ®æ¥­ª  ª®­æ¥­âà æ¨¨ í«¥ªâà®­®¢ ¢ ä®­®¢®© ¯« §¬¥.7.5. �§«ãç â¥«ì­ ï á¯®á®¡­®áâì  ­á ¬¡«ï à¥«ïâ¨¢¨áâáª¨å í«¥ªâà®­®¢� ¯à¥¤¨¤ãé¨å à §¤¥« å ¬ë à áá¬®âà¥«¨ å à ªâ¥à á¨­åà®âà®­­®£®¨§«ãç¥­¨ï, ¨á¯ãáª ¥¬®£® ®â¤¥«ì­ë¬ à¥«ïâ¨¢¨áâáª¨¬ í«ª¥à®­®¬. � à¥- «ì­ëå á¨âã æ¨ïå, à §ã¬¥¥âáï, ¬ë ¢á¥£¤  ¨¬¥¥¬ ¤¥«® á ¨§«ãç¥­¨¥¬  ­-á ¬¡«ï ç áâ¨æ, å à ªâ¥à¨§ã¥¬®£® â¥¬ ¨«¨ ¨­ë¬ à á¯à¥¤¥«¥­¨¥¬ ¨å ¯®í­¥à£¨ï¬ ¨, ¢®§¬®¦­®, ­ ¯à ¢«¥­¨ï¬ áª®à®áâ¥©. � §ã¬¥¥âáï, ¢ ¬®¤¥«ì-­ëå § ¤ ç å ¬ë ¤®«¦­ë à áá¬ âà¨¢ âì áâàãªâãàã ¨áâ®ç­¨ª  ¨§«ãç¥-­¨ï, â® ¥áâì § ¨á¨¬®áâì ãª § ­­ëå à ¢¯à¥¤¥«¥­¨© ®â ª®®à¤¨­ â ¢ ¯à®-áâà ­áâ¢¥ (¨ ¢à¥¬¥­¨).� ¨¡®«¥¥ ç áâ® ¨á¯®«ì§ã¥âáï ¢  áâà®ä¨§¨ª¥ á«ãç © à á¯à¥¤¥«¥­¨ïá® áâ¥¯¥­­ë¬ á¯¥ªâà®¬ : N(E) = const � ��
 (7:26)� ª ¬ë ã¦¥ ®¡­ àã¦¨«¨, è¨à¨­  ç áâ®â®­®£® á¯¥ªâà , ¨§«ãç ¥¬®-£® í«¥ªâà®­®¬ í­¥à£¨¨ �, ¥áâì �! � !max = K � �2B. � ª¨¬ ®¡à §®¬,¬ë ®¦¨¤ ¥¬, çâ® ¨­â¥à¢ « ¢ í­¥à£¨ïå �E á¢ï§ ­ á ç áâ®â­ë¬ ¨­â¥à¢ -«®¬ ¢ ¨§«ãç¥­¨¨ ª ª ! 12 . � ¤àã£®© áâ®à®­ë, ¨§«ãç¥­¨¥ § ¢¨á¨â ®â ç¨á« í«¥ªâà®­®¢, ª®âà®¥ / ��
 ¨, áâ «® ¡ëâì / !� 
2 . �­ ç¨â, ¨§«ãç â¥«ì-­ ï á¯®á®¡­®áâì í«¥ªâà®­®¢ á® áâ¥¯¥­­®© äã­ªæ¨¥© à á¯à¥¤¥«¥­¨¥¬ ¯®í­¥à£¨ï¬ á ¯®ª § â¥«¥¬ 
 ¯à¨­¨¬ ¥â ¢¨¤ :� / !� 
�12 : (7:21)�â  ä®à¬ã«  ç áâ® ¨á¯®«ì§ã¥âáï ¤«ï ®æ¥­ª¨ í­¥à£¥â¨ç¥áª®£® á¯¥ª-âà  í«¥âà®­®¢ ­  ®á­®¢¥  ­ «¨§  ¨å á¨­åà®âà®­­®£® ¨§«ãç¥­¨ï ¢ à ¤¨®-¤¨ ¯ §®­¥.
8



��������� ������������ ���������������¥ªæ¨ï 8�¥¬  : �§«ãç â¥«ì­ ï á¯®á®¡­®áâì  ­á ¬¡«ï à¥«ïâ¨¢¨áâáª¨å í«¥ªâà®­®¢� ¯à¥¤ë¤ãé¨å à §¤¥« å ¬ë à áá¬®âà¥«¨ å à ªâ¥à á¨­åà®âà®­­®-£® ¨§«ãç¥­¨ï, ¨á¯ãáª ¥¬®£® ®â¤¥«ì­ë¬ à¥«ïâ¨¢¨áâáª¨¬ í«¥ªâà®­®¬. �à¥ «ì­ëå á¨âã æ¨ïå, à §ã¬¥¥âáï, ¬ë ¢á¥£¤  ¨¬¥¥¬ ¤¥«® á ¨§«ãç¥­¨¥¬ ­á ¬¡«ï ç áâ¨æ, å à ªâ¥à¨§ã¥¬®£® â¥¬ ¨«¨ ¨­ë¬ à á¯à¥¤¥«¥­¨¥¬ ¯®í­¥à£¨ï¬ ¨, ¢®§¬®�­®, ­ ¯à ¢«¥­¨ï¬ áª®à®áâ¥©. � ¬®¤¥«ì­ëå § ¤ ç å,¥áâ¥áâ¢¥­­®, ¬ë ¤®«�­ë à áá¬ âà¨¢ âì áâàãªâãàã ¨áâ®ç­¨ª  ¨§«ãç¥-­¨ï, â® ¥áâì § ¢¨á¨¬®áâì ãª § ­­ëå à á¯à¥¤¥«¥­¨© ®â ª®®à¤¨­ â ¢ ¯à®-áâà ­áâ¢¥ ¨ ¢à¥¬¥­¨.� ç­¥¬ á ­ ¨¡®«¥¥ ç áâ® ¨á¯®«ì§ã¥¬®£® ¢  áâà®ä¨§¨ª¥ á«ãç ï à á-¯à¥¤¥«¥­¨ï á® áâ¥¯¥­­ë¬ á¯¥ªâà®¬ í­¥à£¨© :
N(E) = const · E

−γ (1)� ª ¬ë ã�¥ ®¡­ àã�¨«¨, è¨à¨­  ç áâ®â­®£® á¯¥ªâà , ¨§«ãç ¥¬®£®í«¥ªâà®­®¬ í­¥à£¨¨ E ¥áâì ∆ω ≈ ωmax = K · E
2
B. � ª¨¬ ®¡à §®¬, ¬ë®�¨¤ ¥¬, çâ® ¨­â¥à¢ « ¨§«ãç îé¨å í«¥ªâà®­®¢ ¢ í­¥à£¨ïå ∆E á¢ï§ ­á ç áâ®â­ë¬ ¨­â¥à¢ «®¬ ¢ ¨§«ãç¥­¨¨ ω

1

2 . � ¤àã£®© áâ®à®­ë, ¨§«ãç¥­¨¥§ ¢¨á¨â ®â ç¨á«  í«¥ªâà®­®¢ ª ª ∝ E
−γ ¨ ¤®«�­® ¡ëâì ∝ ω

γ

2 . �­ ç¨â¨§«ãç â¥«ì­ ï á¯®á®¡­®áâì í«¥ªâà®­®¢ á® áâ¥¯¥­­®© äã­ªæ¨¥© à á¯à¥-¤¥«¥­¨ï ¯® í­¥à£¨ï¬ ¯à¨­¨¬ ¥â ¢¨¤ :
N(E) = const · E

−α
⇒

dW

dt
∝ ω

−

γ−1

2 = const · λ
α−1

2 (2)¨ á®®â¢¥âáâ¢¥­­®
ǫ ∝ ω

−

γ−1

2 . (3)�â  ä®à¬ã«  ç áâ® ¨á¯®«ì§ã¥âáï ¤«ï ®¯à¥¤¥«¥­¨ï í­¥à£¥â¨ç¥áª®£®á¯¥ªâà  í«¥ªâà®­®¢ ¯® á¯¥ªâàã ¨å ¨§«ãç¥­¨ï ¢ à ¤¨®¤¨ ¯ §®­¥.
1



��������� ������������ ���������������¥ªæ¨ï 9�¨ª«®âà®­­ë© ¬ §¥à�ï¤ ®á®¡¥­­®áâ¥© ¨§«ãç¥­¨ï, ¯à®ï¢¨¢è¨¬áï ¢ ¯®á«¥¤­¥¥ ¢à¥¬ï ¢ à -¤¨®¨§«ãç¥­¨¨ §¢¥§¤­ëå ¨ á®«­¥ç­ëå ¢á¯ëè¥ª, ¯®âà¥¡®¢ «¨ ¯à¨¢«¥ç¥-­¨ï ¤«ï ¨å ¨­â¥à¯à¥â æ¨¨ ­¥ª®£¥à¥­â­ëå ¬¥å ­¨§¬®¢ ¨§«ãç¥­¨ï. � �-­ë¬ ¢ à¨ ­â®¬ â ª®£® ¬¥å ­¨§¬  ï¢«ï¥âáï æ¨ª«®âà®­­ë© ¬ §¥à.�â¬¥â¨¬ ¤«ï ­ ç « , çâ® ¬ £­¨â­®â®à¬®§­®¥ ( ¢ ç áâ­®áâ¨, æ¨ª«®-âà®­­®¥) ¨§«ãç¥­¨¥ ¬®�¥â à áá¬ âà¨¢ âìáï ª ª ®¡ãá«®¢«¥­­®¥ ¯¥à¥-å®¤ ¬¨ ¬¥�¤ã ª¢ ­â®¢ ­­ë¬¨ í­¥à£¥â¨ç¥áª¨¬¨ ãà®¢­ï¬¨, ®âáâ®ïé¨¬¨¤àã£ ®â ¤àã£  ­  ¢¥«¨ç¨­ã ∆E = h̄ω. � ª ï á¨áâ¥¬  ãà®¢­¥© ­®á¨â ¨¬ï� ­¤ ã. �§«ãç¥­¨¥ ­  s−© £ à¬®­¨ª¥ ®¡ãá«®¢«¥­® ¯¥à¥å®¤ ¬¨ ¬¥�¤ãà §¤¥«¥­­ë¬¨ ãà®¢­ï¬¨ n → (n− s). Ǒà¨ íâ®¬ ¨§«ãç¥­¨¥ ®¯à¥¤¥«ï¥âáïç áâ®â®© á®£« á­® ∆E = sh̄ω

�¨áã­®ª 7.3 �­¥à£¥â¨ç¥áª¨¥ ãà®¢­¨ � ­¤ ã ¨ ¢®§¬®�­ë¥ ª¢ ­â®¢ë¥¯¥à¥å®¤ë ¬¥�¤ã ­¨¬¨.�­¥à£¨ï, ¨§«ãç ¥¬ ï ¯à¨ ­¥ª®â®à®¬ ª®­ªà¥â­®¬ à §¤¥«¥­¨¨ ãà®¢­¥©(ç áâ®âë sω) ®¯à¥¤¥«ï¥âáï ¢¥à®ïâ­®áâ­ë¬ ª®íää¨æ¨¥­â ¬¨ �©­èâ¥©­ ¨ ç¨á«®¬ í«¥ªâà®­®¢ ¢ á®®â¢¥âáâ¢ãîé¥¬ á®áâ®ï­¨¨ :
ǫ ∝ (NkAki − NiBikρki + NkBkiρki)h̄ω (1)Ǒ¥à¢ë© ç«¥­ ¢ ¯à ¢®© ç áâ¨ íâ®£® ¢ëà �¥­¨ï ¯à¥¤áâ ¢«ï¥â á¯®­â ­-­ë¥ ¯¥à¥å®¤ë, ¢â®à®© | ¯¥à¥å®¤ë á ¯®£«®é¥­¨¥¬ ¨§«ãç¥­¨ï ¨ âà¥â¨©1



| ¢ë­ã�¤¥­­®¥ ¨§«ãç¥­¨¥. �¬¥­­® íâ®â ¯®á«¥¤­¨© ç«¥­ ¨ ®¯à¥¤¥«ï-¥â ¢®§¬®�­®áâì ¢®§­¨ª­®¢¥­¨ï ¢ë­ã�¤¥­­®£® ¨§«ãç¥­¨ï   £¨à®ç áâ®â¥¨«¨ ¥ñ £ à¬®­¨ª å. �«ï à¥ «¨§ æ¨¨ ¬ §¥à­®£® íää¥ªâ  ¢¥àå­¨© ãà®-¢¥­ì ¤®«�¥­ ¡ëâì ¯¥à¥­ á¥«ñ­ ®â­®á¨â¥«ì­® à ¢­®¢¥á­®£® á®áâ®ï­¨ï. �á«ãç ¥ à ¤¨® «¨­¨¨ íâ¨ ãà®¢­¨ ¯® í­¥à£¨¨ à §«¨ç îâáï ­¥§­ ç¨â¥«ì­®,¨ ¯® áãé¥áâ¢ã ­ã�­®, çâ®¡ë Nk > Ni. � ª®£® à®¤  á¨âã æ¨¨ áà ¢­¨-â¥«ì­® «¥£ª® à¥ «¨§ãîâáï ¡« £®¤ àï ­ «¨ç¨î ª®­ãá  ¯®â¥àì ¢ à áå®-¤ïé¨åáï ¬ £­¨â­ëå ¯®«¥. Ǒ®¤®¡­ë¥ ¬ £­¨â­ë¥ áâàãªâãàë à¥ «¨§ãîâ-áï ¢ ¬ £­¨â­ëå «®¢ãèª å ¡®«ìè¨­áâ¢  ��-© �®«­æ  §  áç¥â â®£®, çâ®í«¥ªâà®­ë, ¤¢¨£ îé¨¥áï ¢¤®«ì ¯®«ï ¨«¨ ¯®« ¬ «ë¬¨ ã£« ¬¨ ª ­¥¬ã¤®áâ¨£ îâ å®«®¤­ëå ®¡« áâ¥© åà®¬®áä¥àë á®«­¥ç­®©  â¬®áä¥àë ¨ â ¬¡ëáâà® â¥àïîâ á¢®î í­¥à£¨î ¨§-§  áâ®«ª­®¢¥­¨©. � â®�¥ ¢à¥¬ï í«¥ª-âà®­ë ¤¢¨£ îé¨¥áï ¯®¤ ¡®«ìè¨¬¨ ª ¯®«î ã£« ¬¨ ®âà � îâáï ¥é¥ ¢®¡« áâ¨ £®àïç¥© á®«­¥ç­®© ª®à®­ë ¨ ¨å ¯®â¥à¨ í­¥à£¨¨ ­  áâ®«ª­®¢¥-­¨ï ¬­®£® ¬¥­ìè¥. �à ­¨ç­®¥ §­ ç¥­¨¥ ¯¨âç ã£«  θ◦, ª®â®à®¥ ¬®¥â ¡ëâì®æ¥­¥­® ¨§ á®®â­®è¥­¨ï :
sin θ◦ =

√

B

B◦

(2)�¤¥áì B◦ ­ ¯àï�¥­­®áâì ¯®«ï ­  £à ­¨æ¥ ª®à®­ -åà®¬®áä¥à ,   á®-®â­®è¥­¨¥ ï¢«ï¥âáï á«¥¤áâ¢¨¥¬ ¯à¨¬¥­¥­¨ï ä®à¬ã«ë ¤«ï  ¤¨ ¡ â¨ç¥-áª®£® ¨­¢ à¨ ­â  .í«¥ªâà®­ , ¤¢¨�ãé¥£®áï ¢ ­¥®¤­®à®¤­®¬ ¬ £­¨â­®¬¯®«¥ :
V 2

⊥

B
= const (3)�®¤¥«ì­ë¥ à áç¥âë ¯®ª §ë¢ îâ, çâ® �ëáâàë¥ í«¥ªâà®­ë, § å¢ ç¥­-­ë¥ ¢ «®¢ãèªã ¤ îâ á¨«ì­®¥ ¨§«ãç¥­¨¥ ­  3-© (¨­®£¤  2-©) £ à¬®­¨ª å£¨à®ç áâ®âë á á¨«ì­®© ¯®«ïà¨§ æ¨¥©. � ¨¡®«ìè ï ïàª®áâì ¤®áâ¨£ ¥âáï¬¥áâ ¬¨ ­  £à ­¨æ¥ ª®­ãá  ¯®â¥àì. � ª®© â¨¯ ¨§«ãç¥­¨ï à¥£¨áâà¨àã-¥âáï ¢® ¢á¯ëèª å ª ª �®«­æ  â  ¨ àï¤  §¢ñ§¤. �â¤¥«ì­®© ¯à®¡«¥¬®©¥áâ¥áâ¢¥­­®, ï¢«ï¥âáï ¬¥å ­¨§¬ ãáª®à¥­¨ï í«¥ªâà®­®¢.�¨ £­®áâ¨ª  ¬¥å ­¨§¬  æ¨ª«®âà®­­®£® ¬ §¥à  ¡ §¨àã¥âáï ­  ¢á¥å®á­®¢­ëå ªà¨â¥à¨ïå, ®â­®áïé¨åáï ª ª®£¥à¥­â­ë¬ ¬¥å ­¨§¬ ¬,   ¨¬¥­-­® :- ¢ëá®ª¨¥ ïàª®áâ­ë¥ â¥¬¯¥à âãàë (Tb ≥ 1010K) ;-ã§ª¨¥ ¯®«®áë ¢ á¯¥ªâà¥ (∆f ≪ f) ;2



- ¡ëáâàë¥ ª®«¥¡ ­¨ï ¨­â¥­á¨¢­®áâ¨ ¨§«ãç¥­¨ï (τ ≪ 1sec) - á¨«ì­ ï­ ¯à ¢«¥­­®áâì ¨§«ãç¥­¨ï.- ¬ «ë© ã£«®¢®© à §¬¥à (­ ¯à ¢«¥­­®áâì ¨§«ãç¥­¨ï)�à®¬¥ â®£®, ¤«ï ¬¥å ­¨§¬  £¥­¥à¨àã¥¬®£® à¥§®­ ­á®¬ á £¨à® ç áâ®-â ¬¨, å à ªâ¥à­ - á¨«ì­ ï ¯®«ïà¨§ æ¨ï (P ≃ 100%)�á­®¢­ë¬ ¤¨ £­®áâ¨àã¥¬ë¬ ¯ à ¬¥âà®¬ ¯« §¬ë ¥áâ¥áâ¢¥­­® ï¢«ï-¥âáï ­ ¯àï�¥­­®áâì ¬ £­¨â­®£® ¯®«ï. � á«ãç ¥ ¨§«ãç¥­¨ï ­  âà¥âì¥©£ à¬®­¨ª¥
B =

3570

λ(cm)
(4)�æ¥­ª¨ ª®«¨ç¥áâ¢  ¨ í­¥à£¨¨ ãáª®à¥­­ëå ç áâ¨æ ¨ áâàãªâãàë ¬ £-­¨â­®£® ¯®«ï, ª®­¥ç­®, â ª�¥ ï¢«ïîâáï ¢ �­ë¬¨ ¤¨ £­®áâ¨àã¥¬ë¬¨¯ à ¬¥âà ¬¨. �¤­ ª®, íâ®â  ­ «¨§ áãé¥áâ¢¥­­® ¡ §¨àã¥âáï ­  ¬®¤¥«ì-­ë¥ ¯à¥¤áâ ¢«¥­¨ï ®¡« áâ¨ ¨§«ãç¥­¨ï.
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��������� ������������ ���������������¥ªæ¨ï 10�¥¬  : Ǒ« §¬¥­­ë© ¬¥å ­¨§¬ £¥­¥à æ¨¨ à ¤¨®¨§«ãç¥­¨ïǑ« §¬¥­­ë© ¬¥å ­¨§¬ £¥­¥à æ¨¨ à ¤¨®¢®«­ ¡ë« áà¥¤¨ ¯¥à¢ëå ­¥â¥-¯«®¢ëå ¬¥å ­¨§¬®¢ £¥­¥à æ¨¨ à ¤¨®¢®«­, ¨á¯®«ì§®¢ ­­ëå ¤«ï ®¡êïá-­¥­¨ï ­¥ª®â®àëå â¨¯®¢ ¢á¯«¥áª®¢ à ¤¨®¨§«ãç¥­¨ï �®«­æ  ¢ ¬¥âà®¢®¬¤¨ ¯ §®­¥ ¢®«­. � �­®© ®á®¡¥­­®áâìî íâ®£® ¬¥å ­¨§¬  ï¢¨«®áì ¯à¥¤-¯®«®�¥­¨¥ ® ª®£¥à¥­â­®¬ ¬¥å ­¨§¬¥ £¥­¥à æ¨¨ ¯« §¬¥­­ëå ª®«¥¡ ­¨©,ª®â®àë¥ § â¥¬ âà ­áä®à¬¨àãîâáï ¢ à ¤¨®¢®«­ë. �â  ®á®¡¥­­®áâì ¯®§¢®-«¨«  ®¡êïá­¨âì çà¥§¢ëç ©­® ¢ëá®ª¨¥ §­ ç¥­¨ï ïàª®áâ­ëå â¥¬¯¥à âãà
Tb ¨áâ®ç­¨ª®¢ á®«­¥ç­®£® à ¤¨®¨§«ãç¥­¨ï, ¯®-¢¨¤¨¬®¬ã ­ ¬­®£® ¯à¥-¢®áå®¤ïé¨¥ ¢áïª¨¥ ¬ëá«¨¬ë¥ ¢®§¬®�­ë¥ §­ ç¥­¨ï í­¥à£¨¨ ç áâ¨æ E,®â¢¥âáâ¢¥­­ëå §  £¥­¥à æ¨î à ¤¨®¨§«ãç¥­¨ï (kTb ≫ E).�àã£®© ¢ �­®© ®á®¡¥­­®áâìî ®¡áã�¤ ¥¬®£® ¬¥å ­¨§¬  ï¢¨« áì ¢®§-¬®�­®áâì ¥áâ¥áâ¢¥­­ë¬ ®¡à §®¬ ®¡êïá­¨âì ¤à¥©ä à ¤¨®¨§«ãç¥­¨ï ¯®ç áâ®â¥ ª ª á«¥¤áâ¢¨¥ ¤¢¨�¥­¨ï  £¥­â , ¢®§¡ã�¤ îé¥£® ¯« §¬¥­­ë¥ª®«¥¡ ­¨ï ç¥à¥§ ª®à®­ã, ¯®áª®«ìªã ç áâ®â  £¥­¥à¨àã¥¬ëå ª®«¥¡ ­¨©§ ¢¨á¨â ®â í«¥ªâà®­­®© ¯«®â­®áâ¨.� ­ áâ®ïé¥¬ã ¢à¥¬¥­¨ ¯« §¬¥­­ë© ¬¥å ­¨§¬ ¨áá«¥¤®¢ ­ ¤¥â «ì­® ¢â¥®à¨¨ ¨ ¤®áâ â®ç­® è¨à®ª ¨á¯®«ì§ã¥âáï ¯à¨ ¨­â¥à¯à¥â æ¨¨ è¨à®ª®£®ªàã£  ¯à®ï¢«¥­¨© à ¤¨®¨§«ãç¥­¨ï ¯« §¬ë.10.1. �á­®¢­ë¥ ¨¤¥¨� ª ¨§¢¥áâ­® ®¤­¨¬ ¨§ ­ ¨¡®«¥¥ äã­¤ ¬¥­â «ì­ëå á¢®©áâ¢ ¯« §¬ëï¢«ïîâáï ¯« §¬¥­­ë¥ ¨«¨ «¥­¨­£à ¤áª¨¥ ª®«¥¡ ­¨ï, ª®â®àë¥ ¢®§­¨ª -îâ ¯à¨ ¨§¡ëâª¥ § àï¤®¢ (®¡ëç­® í«¥ªâà®­®¢) ¢ ª ª®¬-«¨¡® ¥ñ ®¡ê¥¬¥.Ǒà¨ íâ®¬ ç áâ®â  ª®«¥¡ ­¨©

ω0 =

√

4πNee2

m
, (1)£¤¥ Ne | ª®­æ¥­âà æ¨ï í«¥ªâà®­®¢, e | § àï¤ ¨ m | ¬ áá  í«¥ªâà®­ .Ǒà¨¬¥ç â¥«ì­®, çâ® ¯« §¬¥­­ ï ç áâ®â  § ¢¨á¨â â®«ìª® ®â ª®­æ¥­âà -1



æ¨¨, ­® ­¥ § ¢¨á¨â ®â ¤àã£¨å ¯ à ¬¥âà®¢ ¯« §¬ë, áª �¥¬, ®â â¥¬¯¥à âã-àë. �ëç¨á«¥­­ë¥ ¯® íâ®© ä®à¬ã«¥ §­ ç¥­¨ï ç áâ®âë ¤«ï ¯«®â­®áâ¥©,®¡ëç­ëå ¢ á®«­¥ç­®© ª®à®­¥ (107 − 108cm−3), á®®â¢¥âáâ¢ãîâ ç áâ®â ¬à ¤¨®¢®«­ ¬¥âà®¢®£® ¤¨ ¯ §®­ , ¢ ª®â®à®¬ ­ ¡«î¤ îâáï ®á®¡¥­­® ¬®é-­ë¥ á®¡ëâ¨ï ¢® ¢à¥¬ï á®«­¥ç­ëå ¢á¯ëè¥ª.�à¥¤¨ ¢á¯«¥áª®¢ à ¤¨®¨§«ãç¥­¨ï �®«­æ  (á¬ �¨á.10.1) ­ ¡«î¤ îâáïá®¡ëâ¨ï á å à ªâ¥à­ë¬ ç áâ®â­ë¬ ¤à¥©ä®¬ : ¬¥¤«¥­­ë¬ | â¨¯ II ¨ ¡ë-áâàë¬ | â¨¯ III. �à¥©äã ¯® ç áâ®â¥ ¬ë ¬®�¥¬ á®¯®áâ ¢¨âì ­¥ª®â®àãîª®­ªà¥â­ãî áª®à®áâì ¤¢¨�¥­¨ï  £¥­â  ¢ á®«­¥ç­®© ª®à®­¥, ª®â®àë© ¯à¨¯à¨­ïâëå §­ ç¥­¨ïå à á¯à¥¤¥«¥­¨ï í«¥ªâà®­­®© ¯«®â­®áâ¨ ¢¤®«ì à ¤¨-ãá  ¤ ¢ « ¡ë ­ ¡«î¤ ¥¬®¥ ¢ á¯¥ªâà¥ ¨§¬¥­¥­¨¥ ç áâ®âë, ¯à¥¤¯®« £ ï,çâ® ç áâ®â  ¨§«ãç ¥¬®© à ¤¨®¢®«­ë ¡«¨§ª  á®®â¢¥âáâ¢ãîé¥© ¯« §¬¥­-­®©. �®®â¢¥âáâ¢ãîé¨¥ áª®à®áâ¨ ®ª §ë¢ îâáï ¯®àï¤ª  âëáïç¨ ¨ áâ  âë-áïç ª¬. � ª ¯®ª § «¨ ¬­®£®ç¨á«¥­­ë¥ ¨áá«¥¤®¢ ­¨ï, ¢ ¯¥à¢®¬ á«ãç ¥¬ë ®¡ëç­® ¨¬¥¥¬ ¤¥«® á ã¤ à­®© ¢®«­®©,   ¢® ¢â®à®¬ | á ¯®â®ª®¬ ¡ë-áâàëå í«¥ªâà®­®¢ (¢®§¬®�­®, áãé¥áâ¢ãîâ ¨ ¤àã£¨¥ ¢®§¡ã¤¨â¥«¥¬ ¯« §-¬¥­­ëå ª®«¥¡ ­¨©).
�¨áã­®ª 10.1 �¨­ ¬¨ç¥áª¨© á¯¥ªâà à ¤¨®¨§«ãç¥­¨ï á®«­¥ç­®© ¢á¯ëè-ª¨ �¤­ ª® ®¯¨á ­­ ï ª àâ¨­  ­¥ ï¢«ï¥âáï ¤®áâ â®ç­®© ¤«ï ®¡êïá­¥­¨ï¤¥©áâ¢¨ï ¯« §¬¥­­®£® ¬¥å ­¨§¬  £¥­¥à æ¨¨ ª®á¬¨ç¥áª®£® à ¤¨®¨§«ãç¥-­¨ï. � á ¬®¬ ¤¥«¥, ¯« §¬¥­­ë¥ ª®«¥¡ ­¨ï ¨ á¢ï§ ­­ë¥ á ­¨¬¨ ¯« §-¬¥­­ë¥ ¢®«­ë ­¥ ¢ á®áâ®ï­¨¨ ¯®ª¨­ãâì ®¡« áâì ¯« §¬ë á í«¥ªâà®­­®©¯«®â­®áâìî, á¨«ì­® ®â«¨ç îé¥©áï ®â ®¯à¥¤¥«ï¥¬®© ç áâ®â ¬¨ (10.1).�à®¬¥ â®£®, ¢® ¬­®£¨å ¢á¯«¥áª å ­ ¡«î¤ ¥âáï ®¤­®¢à¥¬¥­­® ¨§«ãç¥­¨ï¨ ­  ¢â®à®© (  ¨§à¥¤ª  ¨ ­  âà¥âì¥©) £ à¬®­¨ª¥ ®á­®¢­®© ç áâ®âë ¨§«ã-ç¥­¨ï. �â «® ¡ëâì á ¤®áâ â®ç­®© ¯®«­®â®© ¨ ã¡¥¤¨â¥«ì­®áâìî ¤®«�­ ¡ëâì à áá¬®âà¥­  ¯à®¡«¥¬  âà ­áä®à¬ æ¨¨ ¯« §¬¥­­ëå ¢®«­ ¢ í«¥ª-âà®¬ £­¨â­ë¥, á ®¡êïá­¥­¨¥¬ ¢®§¬®�­®£® ¢®§­¨ª­®¢¥­¨ï ¨§«ãç¥­¨ï ­ 2



£ à¬®­¨ª å.� «¥¥ ­¥®¡å®¤¨¬  ­ «¨§ ¯à®æ¥áá  ¢®§¡ã�¤¥­¨ï á ¬¨å ¯« §¬¥­­ëå¢®«­ à §«¨ç­ë¬¨  £¥­â ¬¨ ¨ ¢ëïá­¥­¨ï ¯à¥¤êï¢«ï¥¬ëå ª ­¨¬ âà¥¡®¢ -­¨© ¤«ï íää¥ªâ¨¢­®£® ¤¥©áâ¢¨ï ¬¥å ­¨§¬ . �  íâ¨å ¢®¯à®á å ¬ë â¥¯¥àì¨ ®áâ ­®¢¨¬áï ¡®«¥¥ ¯®¤à®¡­®.1.2.�¨á¯¥àá¨®­­®¥ á®®â­®è¥­¨¥ ¤«ï ¯« §¬¥­­ëå ¢®«­� ª ¬ë ã�¥ ã¯®¬ï­ã«¨ ¢ëè¥, ¯« §¬¥­­ë¥ ª®«¥¡ ­¨ï ¬®£ãâ à á¯à®-áâà ­ïâìáï ¢ ¢¨¤¥ ¯« §¬¥­­ëå ¢®«­. �â®â ¯à®æ¥áá ®ª §ë¢ ¥âáï ¢®§¬®�-­ë¬ ¯à¨ ­ «¨ç¨¨ â¥¯«®¢ëå ¤¢¨�¥­¨© í«¥ªâà®­®¢, ãç áâ¢ãîé¨å ¢ ª®«¥-¡ ­¨ïå. Ǒ®á«¥¤­¨¥ ¬®£ãâ ¡ëâì ä¥­®¬¥­®«®£¨ç¥áª¨ ãçâ¥­ë ç¥à¥§ ç«¥­,¯à¥¤áâ ¢«ïîé¨© í«¥ªâà®­­®¥ ¤ ¢«¥­¨¥. �®á¯®«ì§®¢ ¢è¨áì íâ¨¬ ¯à¨-¡«¨�¥­¨¥¬, ¢ë¢¥¤¥¬ ¤¨á¯¥àá¨®­­®¥ á®®â­®è¥­¨¥ ¤«ï ¯« §¬¥­­ëå ¢®«­.� áá¬®âà¨¬ ¤¢¨�¥­¨¥ í«¥ªâà®­  ¢ ¯«®áª®© ¬®­®åà®¬ â¨ç¥áª®© (¯« §-¬¥­­®©) ¢®«­¥ ¯®¤ ¤¥©áâ¢¨¥¬ ¤¢ãå á¨« : í«¥ªâà¨ç¥áª®£® ¯®«ï ¢®«­ë E¨ £à ¤¨¥­â  í«¥ªâà®­­®£® ¤ ¢«¥­¨ï ¢ à áç¥â¥ ­  ®¤­ã ç áâ¨æã − 1

N
∇pe.�®®â¢¥âáâ¢ãîé¥¥ ãà ¢­¥­¨¥ ¨¬¥¥â ¢¨¤

mv̇ = −eE − 1

N
∇pe, (2)£¤¥

pe = NkT. (3)�¤¥áì k | ¯®áâ®ï­­ ï �®«ìæ¬ ­ , T | â¥¬¯¥à âãà , N | ª®­æ¥­âà -æ¨ï í«¥ªâà®­®¢. �ë à áá¬ âà¨¢ ¥¬ í«¥ªâà®áâ â¨ç¥áªãî ¢®«­ã, â® ¥áâìâ ªãî, ¢ ª®â®à®© í«¥ªâà¨ç¥áª®¥ ¯®«¥ (ª ª ¨ ¢ á«ãç ¥ ¯« §¬¥­­ëå ª®-«¥¡ ­¨©) ®¡ãá«®¢«¥­®, ¢ ®á­®¢­®¬, «®ª «ì­®© ª®­æ¥­âà æ¨¥© § àï¤®¢.�®®â¢¥âáâ¢¥­­®
∇E = 4πq, (4)£¤¥ ¯«®â­®áâì § àï¤®¢
q = −e · δN, (5)®¯à¥¤¥«ï¥âáï ¨§¡ëâª®¬/­¥¤®áâ âª®¬ í«¥ªâà®­®¢ δN ¢ ¢®«­¥ ®â­®á¨â¥«ì-­® à ¢­®¢¥á­®£® á®áâ®ï­¨ï í«¥ªâà¨ç¥áª¨ ­¥©âà «ì­®© ¯« §¬ë. Ǒà¨ íâ®¬¬ë áç¨â ¥¬, çâ® à®«ìî ¤¢¨�¥­¨© (âï�¥«ëå) ¨®­®¢ ¬®�­® ¯à¥­¥¡à¥çì.3



Ǒ¥à¥¬¥é¥­¨¥ ¨®­®¢ ¢ ¢®«­¥ á®§¤ ¥â â®ª, ª®â®àë© á¢ï§ ­ á ¨§¬¥­¥­¨-¥¬ ¯«®â­®áâ¨ í«¥ªâà®­®¢ ãà ¢­¥­¨¥¬ ­¥à §àë¢­®áâ¨ :
∇j +

∂q

∂t
= 0, (6)£¤¥ ¯«®â­®áâì â®ª 

j = −eNv. (7)� ¬¥â¨¬, çâ® §¤¥áì ¢å®¤¨â ¯®«­ ï ª®­æ¥­âà æ¨ï í«¥ªâà®­®¢,   ­¥ ¨å¯à¨à é¥­¨¥, â ª ª ª ¢á¥ ®­¨ ¢®¢«¥ª îâáï ¢ ¤¢¨�¥­¨¥ ¯®«¥¬ ¢®«­ë. � -«¥¥, ¤«ï ¢®«­ ¬ «®©  ¬¯«¨âã¤ë ¯à®¨§¢®¤­ ï â®ª  ¯® ¢à¥¬¥­¨ ¬®�¥â¡ëâì ®£à ­¨ç¥­  ãç¥â®¬ â®«ìª® ¨§¬¥­¥­¨ï áª®à®áâ¨, ­® ­¥ ¯«®â­®áâ¨í«¥ªâà®­®¢, ¯®áª®«ìªã á®®â¢¥âáâ¢ãîé¨© ç«¥­ ¢ ãà ¢­¥­¨¨¨ ¨¬¥¥â ¢â®-à®© ¯®àï¤®ª ¬ «®áâ¨ (¯à®¨§¢¥¤¥­¨¥ ¬ «®© áª®à®áâ¨ ­  ¬ «®¥ ¨§¬¥­¥­¨¥¯«®â­®áâ¨). �â «® ¡ëâì ¨§ ãà ¢­¥­¨ï (10.2) á ãç¥â®¬ (10.7) á«¥¤ã¥â :
∂j

∂t
=

Ne2

m
E +

e

m
∇pe, (8)�âáî¤ , ¢ ç áâ­®áâ¨, á«¥¤ã¥â, çâ® ¢ ¯«®áª®© ¬®­®åà®¬ â¨ç¥áª®© ¢®«­¥¢¥ªâ®à  j, E ¨ k | ¯ à ««¥«ì­ë, â® ¥áâì ¯« §¬¥­­ ï ¢®«­  ï¢«ï¥âáï¯à®¤®«ì­®©. �«ï á«ãç ï  ¤¨ ¡ â¨ç¥áª®£® ¯à®æ¥áá  p = K · Nγ . �®£¤ (10.8) ¬®�­® ¯¥à¥¯¨á âì ¢ ¢¨¤¥ :

∂j

∂t
=

Ne2

m
E + γ

p

mN
∇q, (9)£¤¥ γ | ¯®ª § â¥«ì  ¤¨ ¡ âë.�«ï ¯®«ãç¥­¨ï ¤¨á¯¥àá¨®­­®£® ãà ¢­¥­¨ï ®â ®¡¥¨å ç áâ¥© à ¢¥­-áâ¢  (10.8) ¢®§ì¬¥¬ ¤¨¢¥à£¥­æ¨î ¨ ¨á¯®«ì§ã¥¬ ãà ¢­¥­¨¥ ­¥à §àë¢­®-áâ¨ (10.6). � à¥§ã«ìâ â¥ ¯®«ãç ¥¬ ¢®«­®¢®¥ ãà ¢­¥­¨¥ ¤«ï ¯«®â­®áâ¨§ àï¤  :

∂2q

∂t2
=

ω2

0

ω2
q − v2

T · ∇2q, (10)£¤¥ ¬ë ãç«¨, çâ® v2

T = p

mN
.
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� ¬¥­ïï ¯à®¨§¢®¤­ë¥ á®®â¢¥âáâ¢ãîé¨¬¨ ¬­®�¨â¥«ï¬¨ ¤«ï á«ãç ï¯«®áª®© ¬®­®åà®¬ â¨ç¥áª®© ¢®«­ë ( ∂
∂t

→ −iω ∇ → ik), ¯®«ãç ¥¬ ¯®-á«¥ ¯à®áâëå ¯à¥®¡à §®¢ ­¨© ¤¨á¯¥àá¨®­­®¥ ãà ¢­¥­¨¥ ¤«ï ¯à®¤®«ì­®©¯« §¬¥­­®© ¢®«­ë :
ω2 = ω2

0
+ γV 2

T k2, (11)£¤¥ k | ¢®«­®¢®¥ ç¨á«®. Ǒ®«ãç¥­­®¥ ¢ëà �¥­¨¥ ¯®§¢®«ï¥â á¤¥« âì àï¤¢ �­ëå ¢ë¢®¤®¢ ® ¯à¨à®¤¥ ¯« §¬¥­­ëå ¢®«­, ®¡«¥£ç îé¨å à¥ «¨§ æ¨î¯« §¬¥­­®£® ¬¥å ­¨§¬  £¥­¥à æ¨¨ à ¤¨®¨§«ãç¥­¨ï.� ©¤¥¬ ¢ëà �¥­¨¥ ¤«ï ä §®¢®© áª®à®áâ¨ ¢®«­ë. �«ï íâ®£® à §¤¥-«¨¬ ®¡¥ ç áâ¨ (10.11) ¨ ¢¢¥¤¥¬X =
ω2

0

ω2 . �á¯®¬¨­ ï, çâ® ä §®¢ ï áª®à®áâì
vph ≡ ω

k
, ¯®«ãç ¥¬ :

vph =

√
γVT√

1 − X
(12)�§ íâ®£® ¢ëà �¥­¨ï á«¥¤ã¥â, ¢ ç áâ­®áâ¨, çâ® ä §®¢ë¥ áª®à®áâ¨ ¤«ï«¥­£¬îà®¢áª¨å ¢®«­ § ª«îç¥­ë ¢ è¨à®ª¨å ¯à¥¤¥« å | ®â ­¥áª®«ìª¨åâ¥¯«®¢ëå áª®à®áâ¥© á¢¥â  ¤® ¡¥áª®­¥ç­®áâ¨

vT ≪ vph < ∞. (13)� â® �¥ ¢à¥¬ï £àã¯¯®¢ ï áª®à®áâì vg ¯à®¤®«ì­ëå ¯« §¬¥­­ëå ¢®«­ ¢á¥-£¤  ¬¥­ìè¥ áà¥¤­¥© â¥¯«®¢®© áª®à®áâ¨ í«¥ªâà®­®¢ (ª ª á«¥¤ã¥â ¨§ ãà ¢-­¥­¨ï (10.12)
vg · vph = γv2

T ). (14)�â¨¬ ®­¨ áãé¥áâ¢¥­­® ®â«¨ç îâáï ®â ¯®¯¥à¥ç­ëå í«¥ªâà®¬ £­¨â­ëå¢®«­, ä §®¢ë¥ áª®à®áâ¨ ª®â®àëå «¥� â ¢ëè¥ áª®à®áâ¨ á¢¥â  (  £àã¯¯®-¢ë¥ ¬¥­ìè¥ c). 1.3. �¥­¥à æ¨ï ¯« §¬¥­­ëå ¢®«­�á«®¢¨¥ (10.13) ¤«ï ä §®¢®© áª®à®áâ¨ ®¯à¥¤¥«ï¥â ¢®§¬®�­®áâì £¥­¥-à æ¨¨ ¯« §¬¥­­ëå ¢®«­ ¬¥å ­¨§¬®¬ �¥à¥­ª®¢ , ¤«ï ª®â®à®£® âà¥¡ã¥â-áï, çâ®¡ë ç áâ¨æ  ¬®£«  ¤¢¨£ âìáï á® áª®à®áâìî, ¯à ªâ¨ç¥áª¨ á®¢¯ ¤ -îé¥© á® áª®à®áâìî ¢®«­ë, ­ å®¤ïáì ¤«¨â¥«ì­®¥ ¢à¥¬ï (¬­®£® ¯¥à¨®¤®¢)5



¢ ®¡« áâ¨ ®¯à¥¤¥«¥­­®© ä §ë ¢®«­ë. �á«®¢¨¥¬ £¥­¥à æ¨¨ ¢®«­ ï¢«ï¥â-áï, ª ª ¨§¢¥áâ­® ¨§ â¥®à¨¨ ç¥à¥­ª®¢áª®£® ¬¥å ­¨§¬ , à®áâ ç¨á«  ç áâ¨æá ã¢¥«¨ç¥­¨¥¬ ¨å áª®à®áâ¨ :
∂f(v)

∂v
> 0, (15)£¤¥ f(v) | äã­ªæ¨ï à á¯à¥¤¥«¥­¨ï ç áâ¨æ ¯® áª®à®áâï¬. �¡ëç­® ¯®-ï¢«¥­¨¥ ¯®«®�¨â¥«ì­®© ¯à®¨§¢®¤­®© ®¯à¥¤¥«ï¥âáï ¯®â®ª®¬ ç áâ¨æ ç¥-à¥§ \ä®­®¢ãî" ¯« §¬ã. � á¯à¥¤¥«¥­¨¥ ç áâ¨æ ¯® áª®à®áâï¬ ¢ íâ®¬ á«ã-ç ¥ ¨¬¥¥â å à ªâ¥à, ¯à¥¤áâ ¢«¥­­ë© ­  �¨á.10.3.

�¨áã­®ª 10.3 �ã­ªæ¨ï à á¯à¥¤¥«¥­¨ï ç áâ¨æ ¯® áª®à®áâï¬, ®â¢¥â-áâ¢¥­­ ï §  £¥­¥à æ¨î ¯« §¬¥­­ëå ¢®«­ (¯®â®ª ç áâ¨æ ç¥à¥§ ¯« §¬ã).Ǒ®«®�¨â¥«ì­ ï ¯à®¨§¢®¤­ ï ªà¨¢®© ®ª §ë¢ ¥âáï ­  ­¨§ª®áª®à®áâ-­®¬ ãç áâª¥ ¨¬¯ã«ìá  áª®à®áâ¥© ¯®â®ª , ª®â®àë© ¢®§­¨ª ¥â ¡« £®¤ àï®¡é¥© áª®à®áâ¨ ¯®â®ª . � ª ¡ë«® ¯®ª § ­® ¢ëè¥, «î¡®© ¯®â®ª á® á¢¥àå-§¢ãª®¢®© áª®à®áâìî ¬®�¥â ¢ ¯à¨­æ¨¯¥ ¡ëâì ®â¢¥âáâ¢¥­­ë¬ §  £¥­¥à -æ¨î ¯« §¬¥­­ëå ¢®«­.� ¨¡®«¥¥ ¨§ãç¥­ ¢ à¨ ­â ¯« §¬¥­­®£® ¬¥å ­¨§¬  ¤«ï ¢á¯«¥áª®¢ à -¤¨®¨§«ãç¥­¨ï �®«­æ  âà¥âì¥£® â¨¯ , £¤¥ £¥­¥à æ¨ï ¯« §¬¥­­ëå ¢®«­
�¨áã­®ª 10.2 �¨á¯¥àá¨®­­ ï ªà¨¢ ï ¤«ï ¯« §¬¥­­ëå ¢®«­6



®¡ãá«®¢«¥­  ¯®â®ª®¬ ãáª®à¥­­ëå í«¥ªâà®­®¢, á£¥­¥à¨à®¢ ­­ëå £¤¥-â® ¢ ®á­®¢ ­¨¨ ª®à®­ë ¨ ¤¢¨£ îé¨åáï á® áª®à®áâìî ®ª®«® 100 · 103ª¬/á¥ª. �á¯«¥áª¨ â¨¯  II á¢ï§ ­ë á à á¯à®áâà ­¥­¨¥¬ ã¤ à­ëå ¢®«­ç¥à¥§ ª®à®­ã á® áª®à®áâï¬¨ ¯®àï¤ª  500-1000 ª¬/á¥ª. �â¨ áª®à®áâ¨ ¢®-®¡é¥ £®¢®àï ¤®¢®«ì­® ¡«¨§ª¨ â¥¯«®¢ë¬ áª®à®áâï¬ ç áâ¨æ ¢ ª®à®­¥, â ªçâ® â¥®à¨¨ £¥­¥à æ¨¨ â ª¨å ¢á¯«¥áª®¢ ®¡ëç­® ¢ª«îç îâ ¤®¯®«­¨â¥«ì-­ë© ¯à®æ¥áá ãáª®à¥­¨ï ç áâ¨æ, ®¡ëç­® í«¥ªâà®­®¢ ­  äà®­â¥ ã¤ à­®©¢®«­ë. Ǒ®á«¥¤­¨¥ ¨ ï¢«ïîâáï ­¥¯®áà¥¤áâ¢¥­­® ®â¢¥âáâ¢¥­­ë¬¨ §  £¥­¥-à æ¨î í«¥ªâà®áâ â¨ç¥áª¨å ¢®«­.1.4. �à ­áä®à¬ æ¨ï ¯« §¬¥­­ëå ¢®«­ ¢ ¯®¯¥à¥ç­ë¥�¨á¯¥àá¨®­­®¥ á®®â­®è¥­¨¥ ¤«ï ¯« §¬¥­­ëå ¢®«­ (10.11) ¯®ª §ë¢ -¥â, ¢ ç áâ­®áâ¨, çâ® ®­¨ ¢®§¬®�­ë â®«ìª® ¯à¨ ­ «¨ç¨¨ ä®­®¢®© ¯« §¬ë.�¯à®ç¥¬ íâ® ïá­® ¨§ á ¬®£® ¨å ä¨§¨ç¥áª®£® á¬ëá«  | ª ª ª®«¥¡ ­¨©í«¥ªâà®­®¢, ª®â®àë¥ ¯® § ª®­ã �ã«®­  ¯®à®�¤ îâ á®®â¢¥âáâ¢ãîé¥¥ ª®-«¥¡«îé¥¥áï í«¥ªâà¨ç¥áª®¥ ¯®«¥. � ª¨¬ ®¡à §®¬, ¯« §¬¥­­ë© ¬¥å ­¨§¬®¯à¥¤¥«ï¥âáï áãé¥áâ¢¥­­® â¥¬, ª ª ¯« §¬¥­­ë¥ ª®«¥¡ ­¨ï ¯®à®�¤ îâ¯®¯¥à¥ç­ë¥ í«¥ªâà®¬ £­¨â­ë¥ ¢®«­ë, ª®â®àë¥ ¬®£ãâ à á¯à®áâà ­ïâìáï¨ ¢ áà¥¤¥ ¡¥§ ä®­®¢®© ¯« §¬ë §­ ç¨â¥«ì­®© í«¥ªâà®­­®© ¯«®â­®áâ¨.�§¢¥áâ­ë ¤¢  â¨¯  ¯à¥®¡à §®¢ ­¨ï £¥­¥à æ¨¨ ¯®¯¥à¥ç­ëå ¢®«­ ¯« §-¬¥­­ë¬¨ : ª¢ §¨«¨­¥©­ë© ¬¥å ­¨§¬, ¯à¨ ª®â®à®¬ ª®«¥¡«îé¨¥áï á ç -áâ®â®© ω ≈ ω0 £¥­¥à¨àãîâ í«¥ªâà®¬ £­¨â­ë¥ ¢®«­ë ¯à¨¡«¨§¨â¥«ì­® ­ â®© �¥ ç áâ®â¥ ¨ ª®¬¡¨­ æ¨®­­®¥ ­¥«¨­¥©­®¥ à áá¥ï­¨¥, ¯à¨ ª®â®à®¬¢®§¬®�­® á«¨ï­¨¥ ­¥áª®«ìª¨å ¯« §¬®­®¢, ¯à¨¢®¤ï ª ¨§«ãç¥­¨¥ ­  £ à-¬®­¨ª å ¯« §¬¥­­®© ç áâ®âë.�  �¨áã­ª¥ 10.4 ¯à¨¢¥¤¥­ë ¤¨á¯¥àá¨®­­ë¥ ªà¨¢ë¥ ¤«ï ¯« §¬¥­­ëå¢®«­ ¨ í«¥ªâà®¬ £­¨â­ëå. � ª ¢¨¤­® ¨§ à¨áã­ª , ¢¡«¨§¨ X = 1, â®¥áâì ®¡« áâ¨ ¯« §¬¥­­®£® à¥§®­ ­á  ω = ω0 ®¡¥ ªà¨¢ë¥ ¯¥à¥á¥ª îâáï,çâ® ®§­ ç îâ, çâ® ®¡  â¨¯  ¢®«­ ¨¬¥îâ ®¤¨­ ª®¢ë¥ ä §®¢ë¥ áª®à®áâ¨(çãâì ¡®«ìè¨¥ áª®à®áâ¨ á¢¥â ) ¨ áâ «® ¡ëâì ®¤¨­ ª®¢ãî ¤«¨­ã ¢®«­ã.�®«¥¡ ­¨ï í«¥ªâà®­®¢, à áª ç¥­­ë¥ ®¤­®© ¢®«­®© ¬®£ãâ ¡ëâì ¨áâ®ç-­¨ª®¬ £¥­¥à æ¨¨ ¢®«­ë ¤àã£®£® â¨¯ . � ª¨¬ ®¡à §®¬, ¢®«­ë à §­ëåâ¨¯®¢ á¨«ì­® ¢§ ¨¬®¤¥©áâ¢ãîâ ¤àã£ á ¤àã£®¬. �â®â â¨¯ ¢§ ¨¬®¤¥©áâ¢¨ï(á á®åà ­¥­¨¥¬ ç áâ®âë) ­ §ë¢ ¥âáï ª¢ §¨«¨­¥©­ë¬.
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�¨áã­®ª 10.3. �¨á¯¥àá¨®­­ ï ªà¨¢ ï ¤«ï ¯« §¬¥­­ëå ¢®«­�á«¨ à áª çª  í«¥ªâà®­  ¢ ¯« §¬¥ ¯à®¨áå®¤¨â ¯® ¤¥©áâ¢¨¥¬ ¤¢ãå¨«¨ ¡®«ìè¥£® ç¨á«  ¢®«­ (¢®®¡é¥ £®¢®àï, à §­ëå ç áâ®â (áª �¥¬, ω′¨ ω′′) ¨ ­ ¯à ¢«¥­¨© à á¯à®áâà ­¥­¨ï), â® ¢ à¥§ã«ìâ¨àãîé¥¬ ¤¢¨�¥-­¨¨ í«¥ªâà®­  ¯à¨áãâáâ¢ãîâ â ª ­ §ë¢ ¥¬ë¥ ª®¬¡¨­ æ¨®­­ë¥ ç áâ®âë :
ω′+ω′′ ¨ ω′−ω′′. �®®â¢¥âáâ¢¥­­® ¢®«­ë ­  íâ¨å ç áâ®â å ¬®£ãâ £¥­¥à¨à®-¢ âìáï ª®«¥¡«îé¨¬¨áï í«¥ªâà®­ ¬¨. � á«ãç ¥ ¯« §¬¥­­®£® ¬¥å ­¨§¬ £¥­¥à æ¨¨ à ¤¨®¨§«ãç¥­¨ï ®¡¥ ¨áå®¤­ë¥ ç áâ®âë «¨èì ­¥¬­®£® ¢ëè¥¯« §¬¥­­®© ω0. � ª çâ® áã¬¬ à­ ï ç áâ®â  ≈ 2ωo ¨ ¯®¯¥à¥ç­ ï ¢®«­  ­ íâ®© ç áâ®â¥ «¥£ª® ¯®ª¨¤ ¥â ¯« §¬ã, ®¯à¥¤¥«ïï ¨§«ãç¥­¨¥ ¢â®à®© £ à-¬®­¨ª¨. � â®�¥ ¢à¥¬ï ïá­®, çâ® à §­®áâ­ ï ç áâ®â  «¥�¨â ¢ ®¡« áâ¨, £¤¥­¥¢®§¬®�­® à á¯à®áâà ­¥­¨ï í«¥ªâà®¬ £­¨â­ëå ¢®«­ ¨ ®­  â ª¨¬ ®¡à -§®¬ ¯à®ï¢¨âáï ¢ ¨§«ãç¥­¨¨ ­¥ ¬®�¥â. Ǒà¨ à áá¬®âà¥­¨¨ ª®­ªà¥â­ëå ¬®-¤¥«¥© ®¡« áâ¨ ¨§«ãç¥­¨ï ­¥®¡å®¤¨¬® â ª�¥ ãç¨âë¢ âì ¨ ­ ¯à ¢«¥­¨¥à á¯à®áâà ­¥­¨ï, à ¢­® ª ª ¨ ¯®«ïà¨§ æ¨î á®®â¢¥âáâ¢ãîé¨å ¢®«­.�ç¥â íâ¨å ä ªâ®à®¢ ®¡«¥£ç ¥âáï, ¥á«¨ ¢®«­ë à áá¬ âà¨¢ âì ¯®¤®¡­®ç áâ¨æ ¬ |- \¯« §¬®­ ¬" ¯®¤®¡­® â®¬ã ª ª íâ® ¤¥« ¥âáï ¢ ª¢ ­â®¢®©â¥®à¨¨. Ǒà¨ íâ®¬ ¢®§¬®�­®áâì ¢§ ¨¬®¤¥©áâ¢¨ï ¨«¨ ®âáãâáâ¢¨¥ â ª®¢®©®¯à¥¤¥«ï¥âáï § ª®­ ¬¨ á®åà ­¥­¨ï í­¥à£¨¨ (→ ç áâ®âëω) ¨ ¨¬¯ã«ìá (→ ¢®«­®¢®£® ¢¥ªâ®à  k) ¯« §¬®­ . � ª ¤«ï ®¯¨á ­¨ï à¥§ã«ìâ â  á«¨-ï­¨ï ¤¢ãå «¥­£¬îà®¢áª¨å (¯« §¬¥­­ëå) ¯« §¬®­®¢ ¢ ®¤¨­ í«¥ªâà®¬ £-­¨â­ë© ¬ë âà¥¡ã¥¬ ¢ë¯®«­¥­¨ï ãá«®¢¨©

ω′ + ω′′ = ω ≈ 2ωok′ + k′′ = k (16)�â®à®¥ ãá«®¢¨¥, ­ ¯à¨¬¥à, áà ¢­¨â¥«ì­® «¥£ª® à¥ «¨§®¢ âì ¤«ï ¯®çâ¨¢áâà¥ç­ëå ¯®â®ª ¯« §¬¥­­ëå ¢®«­ (¢ ¬ £­¨â­®© âàã¡ª¥). � ® ¢áïª®¬á«ãç ¥ íâ®â ¯à®æ¥áá, ­ §ë¢ ¥¬ë© ª®¬¡¨­ æ¨®­­ë¬ à áá¥ï­¨¥¬, âà¥¡ã¥â¤¥â «ì­®£® £¥®¬¥âà¨¨ ¨§«ãç îé¥© ®¡« áâ¨.
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��������� ������������ ���������������¥ªæ¨ï 11�¥¬  : �¨­¥©ç âë© á¯¥ªâà à ¤¨®¨§«ãç¥­¨ï  â®¬®¢ ¨ ¬®«¥ªã«� æ¥«®¬ «¨­¥©ç âë© á¯¥ªâà ¬¥­¥¥ ¡®£ â ¢ à ¤¨®¤¨ ¯ §®­¥ ç¥¬ ¢®¯â¨ç¥áª®¬. �â® ®¯à¥¤¥«ï¥âáï â¥¬, çâ® ¤«ï ®¡à §®¢ ­¨ï à ¤¨® «¨­¨¨¢  â®¬¥ ¨«¨ ¬®«¥ªã«¥ ¤®«�­ë áãé¥áâ¢®¢ âì ¢¥áì¬  ¡«¨§ª® à á¯®«®-�¥­­ë¥ í­¥à£¥â¨ç¥áª¨¥ ãà®¢­¨, ¯¥à¥å®¤ë ¬¥�¤ã ª®â®àë¬¨ ª â®¬ã �¥à §à¥è¥­ë ¯à ¢¨« ¬¨ ®â¡®à  (¤«ï ®¡¥á¯¥ç¥­¨ï ¤®áâ â®ç­®© ¨­â¥­á¨¢-­®áâ¨ «¨­¨¨ ¢ ®¡ê¥ªâ¥ ­¥ á«¨èª®¬ ¡®«ìè¨å à §¬¥à®¢). �à®¬¥ â®£® ¢¥-à®ïâ­®áâì á¯®­â ­­®£® ¯¥à¥å®¤  Aik ∝ ν3 ¨ á®®â¢¥âáâ¢¥­­® ¬ «  ¢ à -¤¨®¤¨ ¯ §®­¥.� ¤àã£®© áâ®à®­ë «¨­¥©ç âë© á¯¥ªâà ­¥á¥â ¡®«ìè®© ®¡êñ¬  ¨­ä®à-¬ æ¨¨, ­¥¤®áâã¯­®© ¯à¨  ­ «¨§¥ ¨§«ãç¥­¨ï ¢ ª®­â¨­ãã¬¥, ¨ ¤ �¥ áà ¢-­¨â¥«ì­® ­¥¬­®£®ç¨á«¥­­ë¥ à ¤¨® «¨­¨¨ ¤ «¨ ¢¥áì¬  ¢¥á®¬ë© ¢ª« ¤ ¢¤¨ £­®áâ¨ªã ¬ â¥à¨¨ ¢ ª®á¬®á¥. Ǒà ªâ¨ç¥áª¨ â®«ìª®  ­ «¨§ «¨­¥©ç â®-£® á¯¥ªâà  ¤ ¥â ¨­ä®à¬ æ¨î ® ¤¢¨�¥­¨¨ ¢¥é¥áâ¢  (íää¥ªâ �®¯¯«¥à )¨ ® å¨¬¨ç¥áª®¬ á®áâ ¢¥ ¨áá«¥¤ã¥¬®£® ®¡ê¥ªâ . �­ «¨§ ª®­âãà®¢ «¨­¨©¨ ®â­®è¥­¨ï ¨å ¨­â¥­á¨¢­®áâ¥© ï¢«ï¥âáï ¢ �­ë¬ ­¥§ ¢¨á¨¬ë¬ ¨áâ®ç-­¨ª®¬ ¤ ­­ëå ® â¥¬¯¥à âãà¥ ¨ ¯«®â­®áâ¨ ¢¥é¥áâ¢ . �® ¬­®£¨å á«ãç ¥¢íâ  ¨­ä®à¬ æ¨ï ï¢«ï¥âáï ã­¨ª «ì­®© (®á®¡¥­­® ¢ ®¡« áâïå ­¨§ª®© â¥¬-¯¥à âãàë ¨. �¥¥¬ ­®¢áª®¥ à áé¥¯«¥­¨¥ à áâ¥â ∝ λ2 ¨ ¯®íâ®¬ã  ­ «¨§¬ £­¨â­ëå ¯®«¥©, ¡ §¨àãîé¨©áï ­   ­ «¨§ à á¯à¥¤¥«¥­¨ï ¯®«ïà¨§ -æ¨¨ ¢ ª®­âãà å «¨­¨© ï¢«ï¥âáï íää¥ªâ¨¢­ë¬ ¬¥â®¤®¬ ¨§¬¥à¥­¨ï ¤ �¥¢¥áì¬  á« ¡ëå ¯®«¥©.� àï¤¥ á«ãç ¥¢, ®â¬¥â¨¬, ã­¨ª «ì­®áâì à ¤¨® ¤ ­­ëå ®¯à¥¤¥«ï¥âáï¯à®§à ç­®áâìî ¬ â¥à¨¨ ¤«ï à ¤¨®¢®«­ â ¬, £¤¥ ä¨§¨ç¥áª¨¥ ¯à®æ¥ááë¢ ª®á¬®á¥ áªàëâë \â¥¬­®©" ¬ â¥à¨¥© ®â £« § ¨áá«¥¤®¢ â¥«ï, ¢¥¤ãé¥£®®¯â¨ç¥áª¨¥ ­ ¡«î¤¥­¨ï.� ª ¡ë â® ­¨ ¡ë«® ¢ ­ áâ®ïé¥¥ ¢à¥¬ï à ¤¨® áâà®­®¬¨¨ ¤®áâã¯­ëá®â­¨ à ¤¨® «¨­¨©, ¡®«ìè¨­áâ¢® ¨§ ª®â®àëå ¨§«ãç îâáï ¬®«¥ªã« ¬¨.�­ ç¨â¥«ì­ ï ç áâì íâ¨å «¨­¨© ¯à¨­ ¤«¥�¨â ª®à®â®ª¢®«­®¢®¬ã ¬¨«-«¨¬¥âà®¢®¬ã ¤¨ ¯ §®­ã. 1



11.1. �­¥à£¥â¨ç¥áª¨¥ ãà®¢­¨  â®¬  ¢®¤®à®¤ � ç­¥¬ §­ ª®¬áâ¢® á à ¤¨® á¯¥ªâà®áª®¯¨¥© á  ­ «¨§  ¢®§¬®�­ëå «¨-­¨© á ¬®£® à á¯à®áâà ­¥­­®£® ¢ ¯à¨à®¤¥ í«¥¬¥­â  | ¢®¤®à®¤ . �âàãª-âãà  í­¥à£¥â¨ç¥áª¨å «¨­¨© ¢®¤®à®¤  ¯à¥¤áâ ¢«¥­  áå¥¬ â¨ç¥áª¨ ­  �¨á.1.�ãé¥áâ¢ãîâ âà¨ â¨¯  ª®¬¡¨­ æ¨© ãà®¢­¥© ¢®¤®à®¤ , ª®â®àë¥ ¬®£«¨ ¡ë¡ëâì ®â¢¥âáâ¢¥­­ë §  ¯¥à¥å®¤ë, ¯®à®�¤ îé¨¥ «¨­¥©ç âë© á¯¥ªâà ª®á-¬¨ç¥áª®£® à ¤¨®¨§«ãç¥­¨ï. �áâ ­®¢¨¬áï ­  ª �¤®¬ ¨§ ­¨å ¢ ®â¤¥«ì­®-áâ¨.Ǒ¥à¥å®¤ë á¢¥àåâ®­ª®© áâàãªâãàë ®á­®¢­®£® (â® ¥áâì á ¬®£® ­¨§ª®à á¯®«®�¥­­®£®) ãà®¢­ï. �â¨ ¯¥à¥å®¤ë á®®â¢¥âáâ¢ãîâ ¨§¬¥­¥­¨î ¢§ -¨¬­®£® à á¯®«®�¥­¨ï á¯¨­®¢ ï¤à  (¯à®â®­ ) ¨ í«¥ªâà®­  ­  ®à¡¨â¥ ­ ¯à®â¨¢®¯®«®�­ë¥, â® ¥áâì ¯ à ««¥«ì­®¥ ¨  ­â¨¯ à ««¥«ì­®¥. Ǒà¨ íâ®¬áã¬¬ à­ë© á¯¨­®¢ë© ¬®¬¥­â, ®¯¨áë¢ ¥¬ë© ª¢ ­â®¢ë¬ ç¨á«®¬ F ¨á¯ë-âë¢ ¥â áª ç®ª :
F = 0 ⇐⇒ 1 (1)

�¨áã­®ª 11.3 �âàãªâãà  í­¥à£¥â¨ç¥áª¨å ãà®¢­¥©  â®¬  ¢®¤®à®¤ �­¥à£¨ï, ¨§«ãç ¥¬ ï ¯à¨ ­¥ª®â®à®¬ ª®­ªà¥â­®¬ à §¤¥«¥­¨¨ ãà®¢­¥©(ç áâ®âë sω) ®¯à¥¤¥«ï¥âáï ¢¥à®ïâ­®áâ­ë¬ ª®íää¨æ¨¥­â ¬¨ �©­èâ¥©­ ¨ ç¨á«®¬ í«¥ªâà®­®¢ ¢ á®®â¢¥âáâ¢ãîé¥¬ á®áâ®ï­¨¨ :
ǫ ∝ (NkAki − NiBikρki + NkBkiρki)h̄ω (2)Ǒ¥à¢ë© ç«¥­ ¢ ¯à ¢®© ç áâ¨ íâ®£® ¢ëà �¥­¨ï ¯à¥¤áâ ¢«ï¥â á¯®­â ­-­ë¥ ¯¥à¥å®¤ë, ¢â®à®© | ¯¥à¥å®¤ë á ¯®£«®é¥­¨¥¬ ¨§«ãç¥­¨ï ¨ âà¥â¨©| ¢ë­ã�¤¥­­®¥ ¨§«ãç¥­¨¥.
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11.7. �ää¥ªâ �¥¥¬ ­ � ª ¨§¢¥áâ­®, ¢ ¯à¨áãâáâ¢¨¨ ¬ £­¨â­®£® ¯®«ï ¯à®¨áå®¤¨â à áé¥¯«¥-­¨¥ «¨­¨© ­  ­¥áª®«ìª® ª®¬¯®­¥­â á å à ªâ¥à­®© ¯®«ïà¨§ æ¨¥©, § ¢¨-áïé¥© ®â ­ ¯à ¢«¥­¨ï ¯®«ï. �¥«¨ç¨­  à áé¥¯«¥­¨ï (à ááâ®ï­¨¥ ¬¥�¤ãá®á¥¤­¨¬¨ ª®¬¯®­¥­â ¬¨) ¯à®¯®àæ¨®­ «ì­  ­ ¯àï�¥­­®áâ¨ ¯®«ï,   ¨åç¨á«® ¨ ª®íää¨æ¨¥­â ¯à®¯®àæ¨®­ «ì­®áâ¨ | ®â ª¢ ­â®¢®© áâàãªâãàëá®®â¢¥âáâ¢ãîé¨å í­¥à£¥â¨ç¥áª¨å ãà®¢­¥©. � ª¨¬ ®¡à §®¬,  ­ «¨§ ª®­-âãà®¢ ¨ à á¯à¥¤¥«¥­¨ï ¯®«ïà¨§ æ¨¨ ¢ «¨­¨ïå ¤ ¥â ­ ¨¡®«¥¥ ¬®é­ë© ¢ áâà®ä¨§¨ª¥ ¬¥â®¤ ¨§¬¥à¥­¨ï ª®á¬¨ç¥áª¨å ¬ £­¨â­ëå ¯®«¥©.� ¯à®áâ¥©è¥¬ á«ãç ¥ â ª ­ §ë¢ ¥¬®£® ­®à¬ «ì­®£® íää¥ªâ  �¥¥¬ -­  «¨­¨ï à áé¥¯«ï¥âáï ­  âà¨ ª®¬¯®­¥­âë : æ¥­âà «ì­ ï, á «¨­¥©­®©¯®«ïà¨§ æ¨¥©, ®áâ ¥âáï ­¥á¬¥é¥­­®© ¯® ç áâ®â¥ ®â­®á¨â¥«ì­® ¨áå®¤­®©ç áâ®âë «¨­¨¨ ; ¤¢¥ ¤àã£¨¥ ¨¬¥îâ ªàã£®¢ãî ¯®«ïà¨§ æ¨î ¯à®â¨¢®¯®-«®�­ëå ­ ¯à ¢«¥­¨© ¢à é¥­¨ï ¨ á¬¥é¥­ë ®â­®á¨â¥«ì­® æ¥­âà «ì­®©ç áâ®âë «¨­¨¨ ¢ à §­ë¥ áâ®à®­ë ­  ¢¥«¨ç¨­ã
∆f =

1

2
fH ≈ 1.4H, (3)£¤¥ ¢¥«¨ç¨­  à áé¥¯«¥­¨ï à ááç¨âë¢ ¥âáï ¢ ; £¨à®ç áâ®â  fB = eB

2πmc�­â¥­á¨¢­®áâì æ¥­âà «ì­®© | π-ª®¬¯®­¥­âë § ¢¨á¨â ®â á¨«ë ¯®¯¥-à¥ç­®£® ¯®«ï, ¢ â® ¢à¥¬ï ª ª ¤¢¥ ¤àã£¨¥ | σ-ª®¬¯®­¥­âë ®¯à¥¤¥«ïîâ-áï ¯à®¤®«ì­ë¬ ¯®«¥¬. �¨§¨ç¥áª¨ à áé¥¯«¥­¨¥ «¨­¨© ¢ ¬ £­¨â­®¬ ¯®«¥¬®�­® ¯à¥¤áâ ¢¨âì ª ª à¥§ã«ìâ â ¢§ ¨¬®¤¥©áâ¢¨ï ¬ £­¨â­®£® ¬®¬¥­-â , ®¡ãá«®¢«¥­­®£® ¢à é¥­¨¥¬ (á¯¨­®¬) § àï¤®¢  â®¬  á ¯®«¥¬, ª®â®à®¥®à¨¥­â¨àã¥â ¨å ¯®«®�¥­¨¥. � ª ¤«ï ®á­®¢­®£® á®áâ®ï­¨ï  â®¬  ¢®¤®-à®¤  ®à¡¨â «ì­ë© ¬®¬¥­â à ¢¥­ ­ã«î (S-á®áâ®ï­¨¥) ¨ ¢¥áì ¬ £­¨â­ë©¬®¬¥­â ®¯à¥¤¥«ï¥âáï á¯¨­ ¬¨ ¯à®â®­  ¨ í«¥ªâà®­ , ª®â®àë¥ ¬®£ãâ ¡ëâì­ ¯à ¢«¥­ë ¯ à ««¥«ì­® (ª¢ ­â®¢®¥ ç¨á«® F = 1) ¨«¨  ­â¨¯ à ««¥«ì-­® (F = 0). �®£« á­® ¯à ¢¨« ¬ ª¢ ­â®¢ ­¨ï ¯¥à¢ë© ¨§ íâ¨å ãà®¢­¥© ¢¬ £­¨â­®¬ ¯®«¥ ¬®�¥â à áé¥¯¨âìáï ­  âà¨, á®®â¢¥âáâ¢ãîé¨å ¢®§¬®�-­ë¬ ä¨ªá¨à®¢ ­­ë¬ ¯®«®�¥­¨ï¬ ¬ £­¨â­®£® ¬®¬¥­â   â®¬  : ¯®¯¥à¥ª¯®«ï ¨ ¤¢  ¯à®â¨¢®¯®«®�­ëå à á¯®«®�¥­¨ï | ¢¤®«ì ­ ¯à ¢«¥­¨ï ¬ £-­¨â­®£® ¯®«ï.
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� á®®â¢¥âáâ¢¨¨ á® áª § ­­ë¬ âà¨ ª®¬¯®­¥­âë ¢ «¨­¨¨ 21 ¢®¤®à®¤ ,¢®§­¨ª îé¨¥ ¯®¤ ¤¥©áâ¢¨¥¬ ¬ £­¨â­®£® ¯®«ï H ¨¬¥îâ ç áâ®âë :
{

f = 1420.41
f = 1420.41 ± 1.4B

(4)
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