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Abstract

Positronium, theboundstateof anelectronandapositron, is anidealsystemfor a testof quantumelectrodynamics
becauseonly a leptonand its antiparticle arepresent.The energy separationin the groundstatebetween

�����
state

and
� ���

state,which is called HyperfineStructure, �	� , is the importantquantity, which hasbeendeterminedfor
positronium previously. We did a redeterminationof �	� in the experimentsimilar to earlierexperiments.And we
obtained theresultfor �	� which is �	� exp 
���
�� ������������� ������������ !��"�#GHz$ . This valueis in reasonableagreement
with thetheoreticalvalueof �	� theor 
%
�� ������
'&(�) *��"�#GHz$ .
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Chapter 1

THEORY

1.1 Hyperfine Structur e
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1.2 Spin Eigenstates and DecayRates
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1.3 Mixing Effect of Static Magnetic Field
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 3 � �
� ST��



R � R � R 8 R 6

�
� ST + � + � + 8 + 6
�9õ & ß õ�� á�


   ��������  
(1.30)
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� < �

R

ß  IÖ»á

ß �ë�(á

ST�U �



� ST�U �



ßöõ 6 á

ß õ � D
� á

ß õ 8 á

ST�U �

 � � _

Fig. 1.2: Mixing Effect

��� 2.�zM�� ¯�� n�� �½3poq:4d)e°y [ n CEDofo²Aq3df\g kc`�`�bdc1w\e _ � + Ú � � � � � � :��tw��>wGy* �¡�k m�¢ é�D���£p243 < �S¤ ��� � # T$�A�( º²:AHoq:²±zy (1.17) Mx¥dg _ C>7
_ V ���� �& (1.31)

7���CEDN�>`	3²+ � 

�
"
� � V ��� �X�L !� � �I��� 6

� � + � 

�
"
� � V ��� �X�L *� � �-��� 6

� � U � 
%
�� �	� V  �� �X�L *�
�
" rad Ó �-� � 6

�
A@BNC	®°¯�3

+ Ú 
 + �(� + � V ��� �X�L *�Q���-� � 6
�

� 
 + ÚU � V ���� ��L *� 6 � (1.32)

A@BNCED � M	¼ n	m 243 �i_�¦ ��� ���> *� 6�Y	�G�4Ï#u ��n h�2aÅ�Æ _ C�7tk m � ªfC�7�3 _¨§ V  �� Ñ �) *� 6�YX�1At2�pªfCq:1Aq3
� 
  _ �  ��� � ñ �- Ðñ � � � " ñ _ " 
  _ �  ��� � ñ  Ðñ@� _ " � � " ñ)
 � � �¤  _ �  ��� � ñ@ ñ  
 � _ "

� � " ñ1
 � � � �  W � _ " � � " ñq
 � � � " ñ  
 *� � _ "

� � " ñ1
 � � � �¤  _ �j� � ñ  
 � _ " ñ)

� � � �  W � _ Y ñ1� � �i_ " � ñ  

 !� _ �

  _  


 _ "
�  W _ Y ñ  

 *� _ ��ñ
� �

 �©_ " 
 _


  � _ "
� ñ _ YW � �


 �i_ (1.33)

( ª1�d«NM%oq:x¬�­H:�®°¯NM ¢Hn	m 243 � ¤ �± � ð  Ðñ _ " �  �� � &
" �i_ 7�è¶é	o�7)Ï�².³pC )´ ª	3

� �P¤ _

  � _ "

� ñ _ YW ¤ _


V ��� � W

� "
¤  

 �i_

V 
�� �X�) *� 6�Y� 
 
 � " Ðñ ß � ß "
¤ �©_
 Ðñ ±¶µ

Y
(1.34)

¤ �i_  � _ "
�

¤ �i_ V ���L *� 6�Y
A@BNCEDpoq:%o�7²®°¯�3 R D M	¼ n	m 243)¢>£�¤zM@�>C mixing :²Ã�Ä \ ¾�It®NM�· ¯�~�Cfo�7 \ it®GCEDH�>`+ 8 M	¼ n4m 21}f:²Ã�Ä \�¸ rHMa¹G«°é9ºt~�C	:@M*» k�3c+ 6 M	¼ n	m 243)Ã>Ä \�¼ J�· ¯�~)� n o)7)Ï�i%®GCED
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1.4 Effectsof Oscillating Magnetic Field

@9Btÿ�?tMc¢>£�¤½5 � \ ®f®L� mGn C�¡HMc3 � ¯	ML¾aBtÿ�?tM�]1ä�s¿?zkc`²§%¨)£�¤
5 � 
�< � �¶À�� U � =ÂÁ (1.35)

yc©pªa`t7a«f:#O�Qzy*�pªfCEDpoq:J7a«²3@¡N: Hamiltonian
+3 2+3 
 +3 �(��4 Ó65 � 
 3 �(��� ST�� �
4 Ó65 � (1.36)

7���CÞDpoq:q¡Hy +3 � :)�a�f=@?àß õ ÷ á M*Ã�¨ �Ä4 ÓÅ5 � \ ©t¾¿�L`G7tk m 3�O>P Z@[ H � A#�pªfCED ( d)e�:	­Æ M)243 Hamiltonian : Hermite �
�%i 3 :�«NyaÇ»º )dfe�:	­ Æ
ß õ ���9��á I 
 5 &6ÈÊÉË ÌÎÍ ß õ ��� ��á (1.37)

y*�pªfC)7�3�þf¨%ÿ�����2²êG:J�%ºqMcè�û@CED
� ST �� � ßöõ ���9��á I 


+3
int ���9� ßöõ ���9��á I+3

int �!�9��
 5 & ÈÊÉË Ì8Í � �j� ST � �
4 ÓÅ5 � � 5 6 & ÈÊÉË Ì8Í (1.38)

}Go²Aq3)ßöõ ���9��áÛ
 ÷ÐÏ ÷ ���9� ß õ ÷ áI� ú 
H�- ��t �� � � ���-� 7��°Ñ°k m 3�Ò�¬ Ï ÷ �!�9� M	¼ n	m :qÿ����zy*f¶é D
� ST ÷

Ó Ï ÷ ���9�Ó � ß õ ÷ áÛ
 ÔÖÕ × ß õ Ô á �Fõ Ô ß +3 int �!�9� ßöõ × á Ï × ���9�
÷ �9õ�Ø�ß õ ÷ á�ÙÏ ÷ ���9�ë
 Ô�Õ × �FõjØ�ß õ Ô á 5 &ÛÚ©ÜÞÝßÚÛàË Ì Í � � + × � �Fõ Ô ß õ × á Ï × ���9� �

�
ST 5 &ÛÚiÜáÝßÚâàË Ì Í �Fõ Ô ß �
4 ÓÅ5 � ß õ × á Ï × ���9�

(1.39)

`�,zkqo1o²Aã�9õ Ø ß õ ÷ á 2�]�ä»k�� n 3 ´ ª

�FõjØ�ß õ ÷ áì

   ��������  

(1.40)

A@BNCfo)71M*��� _ CEDoq:qÿ����zy*å¶éE`)b@Mc3H��Iã�Fõ Ô ß ��4 Ó65 � ßöõ × á y4³@bNCED
��4 Ó65 � 
  


 Ù Ú Ô�Õ <
� �¶À�� U � �MF 6Á � F 8Á �

�GF 6Á � F 8Á � ß  ë Øá�
��MF 6Á � F 8Á � ßÐí�í á�
 � ßÐî�í á ��� ß�í�î á�
 �j� ð 
 ß �ë�(á
�MF 6Á � F 8Á � ß  -  Øáë
��MF 6Á � F 8Á � ßÐî�î á�
 �j� ß(í�î á ñ � ßÐî�í áÛ
 ��� ð 
 ß �ë�(á
�GF 6Á � F 8Á � ß  ï��á�
��MF 6Á � F 8Á �  ð 
 � ß�í�î á ñ ßÐî�í áI�


  ð 

� ßÐî�î á�ñ � ß½í�í á ñ ��� ß�í�í á �
� ßÐî�î á 
%� (1.41)

�GF 6Á � F 8Á � ß �ë��á�
��MF 6Á � F 8Á �  ð 
 � ß�í�î á
� ßÐî�í áI�


  ð 

� ßÐî�î á�ñ � ß½í�í á � ��� ß�í�í á �
� ßÐî�î á 
 ð 
 � ß  ì ìá ñ ß  -  ìá
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o4~�7�ß õ � D
� á 
 ß  ½�� ìá � ßöõ 8 á�


�ð � 8�æ ç¶æ µ ß  ï��á�ñ � ß �ë�(á � ßöõ 6 á 

�ð � 8�æ ç¶æ µ

� � ß  '�(á�ñ ß �ë��á A@BNC%o�7
�G�

�Fõ Ô ß ��4 ÓÅ5 � ßöõ × áÛ
  ð 

STiè �¶À�� U �

� � � �
� � � ���� � � �j� � � ��j� �j� �

(1.42)

è 
 < �
 ñ ß � ß "

Ù Ú Ô ÕPé ST

7���CED (1.40) M*���»k m (1.39) ycèH«	0 _ 7�3�êG:J�%ºqM4��CED
ÙÏ �Q� 
 � + � Ï �Q� ñ  ð 


è �¶À�� U � 5 & ÚëêÖÝßÚ ÝË Ì Í � Ï 8 ñ 5 & ÚëêÖÝßÚ ÝË Ì Í Ï 6
ÙÏ � - � 
 � + � Ï � - � ñ  ð 


è �¶À�� U � 5 & ÚëêÖÝßÚ ÝË Ì Í � Ï 8 ñ 5 & ÚëêÖÝßÚ ÝË Ì Í Ï 6
ÙÏ 8 ñ ��� ÙÏ 6 
�ì 8 ñ ��� ì 6 (1.43)�j��� ÙÏ 8 ñíÙÏ 6 
 ����� ì 8 ñ#ì 6

ofo²A ì D 2 (1.39) :ïî 
�� :²hNAq3
ì 8 
 � + 8 Ï 8 ñ 5 & ÚÅðñÝßÚ ÝË Ì Í � � + 6 �-� ��� � Ï 6 ñ  ð 


è �¶À�� U � 5 & Ú¶ðñÝßÚ êË Ì Í � � � � �-� Ï �Q� ñ Ï � - � �
ì 6 
 � + 6 Ï 6 ñ 5 & Ú Ý ÝßÚ6ðË Ì Í � � + 8 �-� ����� � Ï 6 ñ  ð 


è �¶À�� U � 5 & Ú Ý ÝßÚ êË Ì Í � �  ��-� Ï ��� ñ Ï � - � � (1.44)

A@BNCED � ¯	M
R 8

� R �
ST 
  


 �
� _ U � � U 8R � � R 6ST 
  


 �
� _ U � ñ U � � U 6 (1.45)R 8

� R 6ST 
 � R 8
� R � � ñ@� R �ë� R 6 �ST 
 U 8 ñ U 6

y [ n	m (1.43) ycèH« Æ ªfC>7�3�êG:J�%ºqM	��CED
ÙÏ � D
� 
 � + � Ï � D

� ñ  ð 

è �¶À�� U � 5 6 &!ò ð Í � Ï 8 ñ 5 &�ò Ý Í Ï 6

ÙÏ 8 
 � + 8 Ï 8 �
��� + 6 5 &�óÞò ð 8 ò Ýñô Í Ï 6 �  ð 

è �¶À�� U � � � 5 &!ò ð Í � Ï �Q� ñ Ï � - � � (1.46)

ÙÏ 6 
 � + 6 Ï 6 ñ ��� + 8 5 6 &�óÞò ð 8 ò Ýñô Í Ï 8 �  ð 

è �¶À�� U � 5 6 &!ò Ý Í � Ï �Q� ñ Ï � - � �

ofo²Aa§>¨)£�¤H:4§%¨1¬ U 243 U V U 8 7���C)�%ºX�
õ�öL=�?Hy*�pªfCED ��À�� U ��
�� 5 &�ò Í ñ 5F6 &!ò Í � é 
 7Xi�å _ C7�315 D &�ó÷ò 6 ò ð ô Í M*ø�ù _ CEh%/�úG243 U � :��%w��>w)A�û k%é�§%¨ _ Cq:1Aq3�ÿ����H:�åzML2 ¼Wü JSý
R�k�� n7��pªN¯�~�CEDJ}GocAq3 U Ú 
 U � U 8 7%k�3�õ�öLh%/�ú�2 � 7�¬�­�k m ÿ����zycèH«#] _ D
ÙÏ � D
� 
 � + � Ï � D

� ñ  

 ð 


� è 5 &!ò'þ Í Ï 8
ÙÏ 8 
 � + 8 Ï 8 �  


 ð 

� � è 5 6 &!ò'þ Í � Ï �Q� ñ Ï � - � � (1.47)

ÙÏ 6 
 � + 6 Ï 6
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oq:qÿ����zy.å¶éE`�bJM ÿ ÷ ���9�½
 Ï ÷ ���9� 5 ��� Í 7 n º ­>¬py*f\g _ C�D _ C�7%ÿ ÷ M	¼ n	m :qÿ��\��2²êG:H�%ºqM��CED
Ùÿ � D
� 
  


 ð 

� è 5 &!ò'þ Í 5 ó � ê 6 � ð ô Í ÿ 8

Ùÿ 8 
 �  

 ð 


� � è 5 6 &!ò'þ Í 5 ó � ð 6 � ê ô Í � ÿ ��� ñ ÿ � - � � (1.48)

Ùÿ 6 
f�
kc` \ � m ÿ 6 ���9� 2

ÿ 6 ���9�Ø
 ÿ 6 ���'� (1.49)

A@BNCEDN�>`Ðÿ 8 ���9� M	¼ n	m 2Ó "Ó � " ÿ 8 

�  

 ð 


� � è 5 ó 6 &�ò þ 8 � ð 6 � ê ô Í � �j� U Ú ñ + 8 � + � �-� ÿ �Q� ñ ÿ � - � � ñJ� Ùÿ �Q� ñ Ùÿ � - � �

�� ��� U Ú ñ + 8 � + � �

ÓÓ � ÿ 8
�  W ß � ß " è " Ó 
 ÿ 8 (1.50)

� Ó "Ó � "
� � �j� U Ú ñ + 8 � + � �

ÓÓ � ñ  � ß � ß "
è " ÿ 8 
f�

A@BNCq:aAq3�ÿ 8 2 2 ¼t:	È>¬ ø D y
[ n	m

ÿ 8 �!�9�Ø
�ø 8 5 � ð Í ñtø 6 5 � Ý Í� D 
  

 � ��� U Ú ñ + Ú Ú ��� � �j� U Ú ñ + Ú Ú � " � ß � ß " è "

+ Ú Ú 
 + 8
� + � (1.51)

7�è�û@CÞDpo4~��G�
ÿ 8 ���'��
Hø 8 ñ�ø 6
Ùÿ 8 ���'��
Hø 8 � 8 ñ�ø 6 � 6 
 �  


 ð 

� � è ÿ ��� ���'� ñ ÿ � - � �Ò�'� (1.52)

A@BNCED�o4~Gy ø D M	¼ n	m å¶éa7
ø 8 
  � 8

� � 6 � Ùÿ 8 �Ò�'�
� � 6 ÿ 8 ���'�-�-


�  � 8
� � 6

 

 ð 


� � è � ÿ ��� ���'� ñ ÿ � - � �òñ � 6 ÿ 8 ���'�
ø 6 


�  � 8
� � 6 � Ùÿ 8 �Ò�'�

� � 8 ÿ 8 �Ò�'� ��
  � 8
� � 6

 

 ð 


� � è � ÿ ��� ���'� ñ ÿ � - � � ñ � 8 ÿ 8 ���'� (1.53)

7���CEDÿ � D
� Mc¼ nXm 2X3 ÿ ��� 7�ÿ � - � :	K�MLÏ�º 1 ¼��aÒGyEÇLÈ°kÞ� n 7^åNû4� n D)o	o�A�3�¢a£>¤t2óß õ � D

� á :E=)?JMN é9O
QJy ¥
	 � �1®���`to>7q7�3Þ¡JM £1¤Jy²®fû4��û²~�Xc3Þ¡@2 
 ÿ�ÂaA)B@Cqo)7	y��Hª)CL7Þ3 Ï �Q� �Ò����
 Ï � - � �Ò���A@BNC�7 �pªN¯�~�CEDpo4~N2 ´ ª
ÿ �Q� �Ò�'�Ø
 ÿ � - � �Ò��� (1.54)

7 n º1o>74A@B@CED�ÿ � D
� 2 } µ ÿ����HM��óº²:1A²3�
������ \ } µEAfBL~\X43Ho4~°¯42 
 k n D���� m ÿ � D

� 2
(1.48),(1.52) ®°¯

ÿ �Q� ���9�ë
 ÿ � - � ���9��
 �
ð 
� � è 5 6 ó 6 &!ò þ 8 � þáþ ô Í ø 8 � 8 5 � ð Í ñ�ø 6 � 6 5 � Ý Í (1.55)

7���Cfo)7 \ it®GCED
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/�0ó�G�(§%¨)£�¤H:)®f®L�	`L¡N:²=@?J243�êG:J�%ºqM*H��°CED
ß õ �!�9��á�
 5 6 &6ÈÊÉË ÌÎÍ ß õ �!�9��á I


 5 6 & È ÉË ÌÎÍ ÷ ßöõ ÷ á Ï ÷ ���9�ë
 ÷ 5 6 & È ÉË ÌCÍ ß õ ÷ á 5 6 ��� Í ÿ ÷ ���9�

 ÷ ß õ ÷ á 5 ó 6 & Ú �Ë Ì 6 ��� ô Í ÿ ÷ ���9�

ÿ � D
� 
 �

ð 
� � è 5 6 ó 6 ò þ 8 � þÞþ ô Í ø 8 � 8 5 � ð Í ñtø 6 � 6 5 � Ý Í
ÿ 8 ���9�ë
Hø 8 5 � ð Í ñ�ø 6 5 � Íÿ 6 ���9�ë
 Ï 6 �Ò�'� (1.56)

ø 8 

�  � 8
� � 6

 ð 

�Â� è Ï �Q� �Ò�'� ñ � 6 Ï 8 �Ò�'�

ø 6 
  � 8
� � 6

 ð 

�Â� è Ï �Q� �Ò�'� ñ � 8 Ï 8 �Ò�'�

T%ÿ>Aq3²§%¨)£>¤H:q®f®�� mGn � n =@?t2 < � 
@� 3f¼t��� è 
@� A@B��a`>®°¯�3 (1.48) �G� Ùÿ ÷ 
%� A@BNCÞD>¼�p�½3poq:J7a«�243dÿ ÷ ���9�½
 Ï ÷ �Ò�'� A@BNCED�kc` \ � m 3>§%¨)£�¤ \ ¡HMc©G¾¿�	`�7a«²3�ß õ 6 á :²=@?J2#N�éÎOQzy���ûa� n :@M*» k m 3�ßöõ � D
� á 7óß õ 8 á :²=@?J2 UWV �(ç»º1o�7 \ it®GCED

1.5 The Number of 2 � Decays

�f�� N®°¯ Ps : �Q��� 2 � +NMc3
� ��� 2 
 +NMq}L~%�)~q�)� _ CED kc` \ � m 3 Ps

\ åfâ � ~ m ®°¯Xü)K � \� ¼t�1AJM ¢ «>` 
 +	���f¬zy�� " � ���9� 3 ��
%� A@: Ps :²¬zy�� � 7 _ C>7�3
� " � ���½ñ � �9�Ø
 � " � �!�9�òñ �

� Ó9ß!� �ì� ß õ ���9��á ß " 
 + � � � (1.57)

7 n º��#Ò \ âù����¼LDpo4~%®°¯
� " � ���9� 2
� " � �!�9��


Í� Ó � Ú ß!� �ë� ß õ ���9��á ß " 
 + � � � (1.58)

� �GM"!�#NA@«@Cq:�243 Ps
\ åfâ � ~ m ®°¯�Å � :)ü)K \ � �a`G7a«1�1A@:4�>�f¬$� " � �&%N� M*ø�ù _ CEÀNA@BCq:1Aq3po4~%®°¯42Xåfâ � ~@` Ps

\ 
 +	��� _ C����
' 
 � " � �&%N�� � (1.59)

M	¼ n	m �pªfCfo�7aM _ CED

���=@?J2

ß õ �!��
%�'��áì
 ð ( �Q� ß õ ��� á ñ ð ( �Q� ßöõ � - � á�ñ ð ( 8 5 &*) ð ß õ 8 á ñ ð ( 6 5 &*) Ý ß õ 6 á (1.60)

A@BNC)7 _ C D)=@?@2 incoherentMXæfçlk mGn C�7 �pªfC	:1Aq3q=@?@Kf:,+%O>x � D 243���ÈG:²±HyXôl¯Þ� n Dkc` \ � m 3�!�#fÀ�2�+fO>xzM	¼ n	m�-�. kc`	±°7��pªN¯�~�CÞD�+%O1xzM	¼ n	m�-/. _ C�7 n ºÎv Z y ' :J�ºqM 7�è n	m H _ o�71M _ C�7
' 


0
� Ó � ß!� �ë� ß õ �!�9��á ß " �4
 + � (1.61)

7�è�û@CED
A. 1�2436587:9�24365,;�<>="?A@�B/C



1.5. THE NUMBER OF 2 + DECAYS 11

< � 
�< � 
%� A@BNC	®°¯ � 
N� 7��»�½3poq:J74«¶ß õ 8 áÛ
 ß  '�(á
� ßöõ 6 áÛ
 ß �ì�(á A@BNC Dó��� m 
���=@?J2ß � Ö»á : ��� ALêG:t�%ºqMcè�û@CED

ß õ �!��
%�'��áÛ
 ð ( �Q� ß  ë Øáïñ ð ( �Q� ß  -  ìá ñ ð ( 8 5 &*) ð ß  ï��áïñ ð ( 6 5 &*) Ý ß �ë�(á (1.62)

o4~%®°¯ ü/D � :²=@?Hy4³JbNC�7
ß õ �!�9��á�
 ð ( �Q� ß  ë Øá�ñ ð ( ��� ß  -  ìá ñ ð ( 8 5 &*) ð ß  '�(á 5 óÞ&

Ë ÌFE Éµ 6 � ê ô Í ñ ð ( 6 5 &*) Ý ß&GHGJI&KMLONQPSR T
ESUV NQW UYX[Z (1.63)

\ ]_^�`/\�a bdc
bfe:gihkj lj mon prq GsG p tvuwnyx I p{z e g|hkjJ}Y~ N

lj�mon K N z W U Z e�~ N (1.64)

��� ^��
B. ���4�
���4�/�����A� �/�
(1.56) �A� a��/� n `�� �
c��A` �4������� ^��

p�tvuwnyx I e � p�t � ISK L�NQP| i¡R T N¢W ¡
X[ZY£ � uwnyx

£ � urnyx e6¤ � u G x (1.65)¤¦¥§¥ u G x e¨¤©¥ - ¥ u G x e¨ª ~«¥§¥­¬®¤i¯ u G x e ª ~§¯ K°P*±s² ¬®¤ N u G x
e ª ~

N K³P´±®µ
¶�·�¸_¹,º b»c,a
bfe g|h j lj mon prq GsG p tvuwnyx I p{z
e4gih j lj mon � prq GsG p t � ISK L�NQP  

U
R T NQW ¡

X¼Z £ � urnyx&p z
e4gih j lj mon prq GsG p t ¯ I&K L�NQP   UR T N¢WY²

X[Z £ ¯ uwnyx¾½ q GsG p t N I&K L�N¢P  
U
R T NQW°µ

X[Z £
N uwnyx&p z

e4gihkj lj mon
¿

¿ ½�p À¦p z p ÀQp z K N z W ²
Z p £ ¯ urnyx&p zÁ½ K N z W µ Z p £ N uwnyx&p zÁ½�À K PiÂ   ² µ   µÄÃR T

Z K N¾L{W ²
¯
W µ X[Z £�Å¯ uwnyx £ N uwnyx¾½ c.c

e gih j
¿ ½�p À¦p z

lj mon p À¦p z KiN z W³² Z p £ ¯ uwnyx&p z ½ K|N z WÆµ Z p £ N uwnyxSp z (1.66)

(1.65) Ç�È4É ¶�º
bÊe gih j

¿ ½4p À¦p z
lj mÆn p À¦p z K N z W³² Z ~ ¯ ½ K N z WÆµ Z ~ N

e gih j
¿ ½4p À¦p z

lj mÆn ~k¯ p ÀQp zgih ¯ ½ ~ N
¿
gih
N

(1.67)

��� ^��
C. Ë:Ì��4�_�/�����A� �/�Í�Î�Ï ��Ð�Ñ a�Ò4Ó Î�Ï ¸�Ô�Õ�Ö ^ �/× � c,a:Ø�Ù�\�Ú · �4��� (1.65) �8Û
Ü ^ £ � urnyx ¸ a

£
N uwnyx

e ª ~
N K°P*±®µ£ ¯ uwnyx e6Ý ¯ K°Þ�² Z ½ Ý N K³ÞSµ

Z
e ¿
ßS¯:à�ß

N
¿
ª g À Å&á ª ~ ¥§¥ u à K Þ ² Z ½ K Þ µ Z x«½ ª ~ ¯ K P*±s² u àâß N K Þ ²

Z ½ ßã¯ K Þ µ Z x (1.68)
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��� ^���ä,å Ç (1.66) ��È4É Ö ^��
bÊe gihkj

¿ ½4p ÀQp z
lj mon K N z W ² Z p ÀQp z

p ß ¯ à4ß N p z
¿
æ p ÀQp z á z ~ ¥§¥ p à K°Þ�² Z ½ K³ÞSµ Z p z

½ ~ç¯ p à_ß N K³Þ�²
Z ½ ß ¯ K°ÞSµ Z p z ½ ~ N K N z W µ

Z
e:~«¥ç¥ gihkj¿ ½�p ÀQp z

¿
p ßF¯:à4ß N p z

p ÀQp è á zæ lj mon K N z W ² Z p KÆÞ�² Z à K³ÞSµ Z p z
½ ~§¯

gihkj
¿ ½�p ÀQp z

¿
p ß ¯ à4ß N p z p ÀQp

z lj mon K N z W ² Z p ß N K Þ�²
Z à4ß ¯ K ÞSµ Z p z ½ ~ N

gihkj
¿ ½4p ÀQp z

¿
gih
N

(1.69)

ä:ä�\�a
lj mon K N z W ² Z p KÆÞ�² Z à K³ÞSµ Z p z

e lj mon K N z W ² Z K L Þ�²
¯
Þ&é² X¼Z ½ K L ÞSµ

¯
Þ&éµ X¼Z à K L Þ�²

¯
Þ&éµ X[Z à K L ÞYé²

¯
Þãµ X[Z

e ¿
gihk¯ à u ß ¯ ½ ß Å¯ x ½

¿
g|hk¯ à u ß N ½

ß Å
N x
à ¿
gihk¯ à u ß ¯ ½ ß ÅN x

à ¿
gihk¯ à u ß Å¯ ½ ß N xlj mon K N z W µ Z p ß N K°Þ�²

Z à�ßS¯ K°ÞSµ Z p z
e p ß N p zgih

N
à u ßã¯ ½ ß Å¯ x ½

p ßF¯ p zg|h
N
à u ß N ½

ß Å
N x
à ß Å¯ ß Ngih

N
à u ßã¯ ½ ß ÅN x

à ß&¯Áß Å
Ng|h

N
à u ß Å¯ ½ ß N x

(1.70)

\ ]_^8êìëía bîc��A` �4��� � ^��
bÊe�~ ¥§¥ gih j

¿ ½_p ÀQp z
¿

p ß&¯�à_ß N p z
p À¦p è á zæ

¿
gih ¯4à u ßã¯ ½ ß Å¯ x ½

¿
gih ¯:à u ß N ½

ß Å
N x
à ¿
gih ¯�à u ßã¯ ½ ß ÅN x

à ¿
g|h ¯:à u ß Å¯ ½ ß N x

½ ~ ¯
gihkj
¿ ½_p ÀQp z

¿
p ß ¯ à4ß N p z p À¦p

z p ß N p zgih
N
à u ß ¯ ½ ß Å¯ x ½

p ß&¯ p zgih
N
à u ß N ½

ß Å
N x
à ß Å¯ ß Ngih

N
à u ß ¯ ½ ß ÅN x

à ßS¯Áß Å
Ngih

N
à u ß Å¯ ½ ß N x

½ ~ N
g|hkj
¿ ½4p ÀQp z

¿
gih
N

(1.71)

1.6 The ResonantLine Shape

Ò4Ó Î�Ï `�ï:ð � � ^_g|h/ñ�ò:ó6`8ô�õ Ç b«ö �ø÷úù/� bûö c��A` �4�����Êü å¨^"�
bûö�e bJýsþ&ÿ� j à b ýsþ � j
e p ÀQp z¿ ½_p À¦p z

gihkj
p ß&¯�à�ß N p z

~ ¥§¥ p ÀQp z á zæ
¿

gih ¯:à u ßã¯ ½ ß Å¯ x ½
¿

g|h ¯:à u ß N ½
ß Å
N x
à ¿
gih ¯:à u ßã¯ ½ ß ÅN x

à ¿
gih ¯:à u ß Å¯ ½ ß N x

½ ~§¯ p ß N p zgih ¯�à u ßã¯ ½ ß Å¯ x ½
p ß ¯ p zgih ¯:à u ß N ½

ß Å
N x
à ß Å¯ ß Ngih ¯:à u ßã¯ ½ ß ÅN x

à ß ¯ ß Å
Ngih ¯�à u ß Å¯ ½ ß N x

à p ß ¯ à�ß N p zgih ¯
(1.72)

ä:ä�\����8a
¿

gih ¯�à u ßã¯ ½ ß Å¯ x ½
¿

g|h ¯:à u ß N ½
ß Å
N x
à ¿
gih ¯:à u ßã¯ ½ ß ÅN x

à ¿
gih ¯:à u ß Å¯ ½ ß N x

��� (1.73)

`	��
 �
��� º�� Ñ ^�� ß�� e
¿
g u à������ ½ h � � x�� u à���� � ½ h ��� x�z à p ÀQp z á z ` ��!A`#" �%$'& ¶ a

u à������ ½ h � � x z à p À¦p z á z e à��(� z ½ h �)� z à p ÀQp z á z à g ���(� h � � �+* z K z P-, u */. G x (1.74)
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� Û ù �10328a
* z�46587 g:9 e à��;� z ½ h �)� z à p À¦p z á z* z�7=<-> g:9 e à g ��� h � � (1.75)

\ ]_^�� Ö ^ � ß � c
ß?� e ¿g u à������ ½ h � � x@� * K P-,
e ¿g u h � � � * 4A5B7 9 x à�� u �C��D * 7=<-> 9 x (1.76)

�ø÷ Ü ^ � � ¹/º
ß�� ½ ß Å� e g Re

ß?� e:h � � � * 46587 9
ßS¯ ½ ß ÅN

e�h � � ½
¿
g u * K P-, à * K NQP-, x e�h �)� � � * 7=<-> 9 (1.77)

\ ]_^�`/\�a � c
� e ¿

h ¯ ½ h ¥sà * 46587 9 ½
¿

h ¯ ½ h ¥ ½ * 4A5B7 9
à ¿
h ¯ ½ h ¥HàE� * 7F<G> 9

à ¿
h ¯ ½ h ¥ ½ � * 7=<-> 9

e g u h ¯ ½ h ¥ x
u h§¯ ½ h«¥ x z à * z 46587 z 9

à g u h ¯ ½ h ¥ x
u h ¯ ½ h ¥ x zâ½ * z 7F<G> z 9

H�I ` ·+J h � h ¯ ½ h«¥ � Û ù/�
e gih * zh è à h z©u * z 46587 z 9 à * z 7=<->¦z 9 x à * è 46587 z 7=<->¦z
e gih * zh è à h z * z 4A5B7 gK9 à

¥
è * è 7=<-> z

gK9
e gih * zh è à h z©u à�� � z ½ h � � z à p ÀQp z á zkx àL� � z h ��� z
e gih * z� � z u h z à h � � z x ½ h zQu h z à h � � z ½4p À¦p z á zQx

ä:ä�\Êh z à h � � z e u h ¯ ½ h ¥ x z à u h ¯�à h ¥ x z e æ h ¯ h ¥ \ ]_^8êìë
e gih * z� � z } æ h¦¯ h«¥ ½ h z u æ h§¯ hû¥ ½4p ÀQp z á z x (1.78)

��� ^���� � a
p ß N p zgih ¯:à u ßã¯ ½ ß Å¯ x ½

p ß ¯ p zgih ¯�à u ß N ½
ß Å
N x
à ß Å¯ ß Ng|h ¯:à u ßã¯ ½ ß ÅN x

à ßS¯Áß Å
Ngih ¯:à u ß Å¯ ½ ß N x

à p ß ¯ à�ß N p zgih ¯ ��� ¯ (1.79)

�
��� º	� Ñ ^��

p ß � p z e
¿
æ u h �)� � * 4A587 9 x z ½
u à���� � * 46587 9 x z

e ¿æ u h �)� z ½ �(� z ½ * z x@� g u h � * 46587 9 à��;� * 7F<G> 9 x
ß Å¯ ß N

e ¿g u ���(� ½ h ��� x ½ * K NQPM, }
¿
g u à������ ½ h � � x à * K P-,

e ¿æ u h �)� z ½ � � z à * z x à g � u � � * 46587 9 ½ h ��� 7=<-> 9 x (1.80)
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ä,å �A� a

p ß N p zgihk¯ à u ß ¯ ½ ß Å¯ x ½
p ß&¯ p zgihk¯ à u ß N ½

ß Å
N xe p ß N p zh à * 46587 9 ½
p ßF¯ p zh ½ * 46587 9e ¿

h z à * z 46587 z 9
¿
g u hN� � z ½ � � z ½ * z x h ½
u à hO� � * z 46587 z 9 ½ � � * z 7=<-> 9 46587 9 x

ß Å¯ ß Ng|h ¯:à u ßS¯ ½ ß ÅN x
½

ß ¯ ß Å
Ngih ¯:à u ß Å¯ ½ ß N xe ß Å¯ ß Nh àE� * 7F<G> 9 ½

ß ¯ ß Å
Nh ½ � * 7F<G> 9e ¿

h zí½ * z 7=<->¦z 9
¿
g u h ��� z ½ �P� z à * z x h ½ u �;� * zC46587 9 7=<-> 9 ½ h � � * z�7=<-> z 9 x (1.81)

\ ]_^���� ·

p ß&¯:à4ß N p z
e p * K P-, p z e * z (1.82)

\ ]_^�`�\�a
(1.78)

�RQTS � º a � ¯ c��A` �4��� � ^��

� ¯ e �gih * z
¿
g u h ��� z ½ �(� z ½ * z x h ½ u à h ��� * z�46587Yz 9 ½ ��� * z�7=<-> 9 46587 9 x u h z ½ * zC7=<->Qz 9 x
à ¿
g u h �)� z ½ �(� z à * z x h ½ u �;� * zC46587 9 7=<-> 9 ½ h � � * z�7=<->¦z 9 x u h z à * zC46587&z 9 x à * zgihk¯

e �gih * z u * z
hNU à * z h z hN� � * z ½

¿
g u h:�)� z ½ � � z x h * z à

¿
g * z h * z 46587 g:9 x ½ � � * è 46587 9 7=<-> 9 à * zgih ¯

e �gih * z * z
h � � z u h à h ��� x ½

¿
g u h � � z ½ �(� z x h à

¿
g h * z�46587 g:9 x ½

¿
g �(� * z�7=<-> g:9 à

¿
gihk¯
gih * z�

e �gih * z
* zgihk¯ gih ¯ h � � z u h à h � � x«½

¿
g u h �)� z ½ �(� z x h à

¿
g h u à���� z ½ h � � z à p À¦p z á z x ½

¿
g �P� u à g �(� h � � x

à � � z } æ h ¯ h ¥ ½ h z u æ h ¯ h ¥ ½�p À¦p z á z x
e �gih * z

* zgihk¯ �P� z gih ¯ u h à h ��� x à æ h ¯ h ¥ ½4p À¦p z á z u h ¯ h à h z xû½ æ h ¯ h ¥ h z à h z } æ h ¯ h ¥
e �gih * z

* zgih ¯ p À¦p z á z }Æg|h ¥ h (1.83)

ä,å �A� a:b ö c,a

b«ö�e p À¦p z¿ ½_p ÀQp z
} gihkj* z

} ¿
� � z } æ h ¯ h ¥ ½ h zku æ h ¯ h ¥ ½_p À¦p z á z©x

} ¿gih ¯ ~ ¥ç¥ p ÀQp z á z * z hQh ¯ ½ ~ ¯ * z p À¦p z á z }°gih ¥ h
e p À¦p z¿ ½_p ÀQp z

} ¿
� � z } æ h¦¯ h«¥ ½ h z©u æ h§¯ hû¥ ½4p ÀQp z á zkx

} h jg|h ¯ p ÀQp z á z h ~«¥§¥Sh§¯ ½ ~§¯�}Æg|h ¥
e p À¦p z¿ ½_p ÀQp z

} hQh§j
� � z ½ h z©u ¿ ½WV X6V V?Y°Vè°W³²QW

þ x
p ÀQp z á zæ hk¯ h«¥ u ~ ¥§¥ ½

g|h ¥
h§¯ ~ ¯ x (1.84)

�ø÷ Ü ^:ä � ¸ 
�ê�^��
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Z1[ `#� � J � ¶�º a]\]^�_E`+a:`
b#c Ç%d#e ¶�º Û ù �

À e
¿
f à ¿ à��hg ½ u ¿ ½ �ig xwz�½ f z ¬ f e

gkj �ml ýon®j
pq � j ¬ g e h j à h«¥� j

�P� e ��à�� ¯ À ¥ e ReÀ
� ¯ e ¿g À ¥ f � j À z e à Im À
h ¯ e:h ¥ ½

¿
g À z f � jh»e:h ¯ ½ h ¥

á e ¿
¿ ½4p ÀQp z

j �Gl ý n ¥
pq (1.85)

ü º aLr�s�`trEuA\4c,a�Ò�Ó Î�Ï `�Ò4Ó�ó � Ç \+^�_E`va � ¶ º ô�õ ü�� ^ �A� w a Í�Î�Ï n j Ç ô�õ ü �^tx ¸ HvI � `�\�a � Ç
� e gky8} ¿ g8z G/{ ¿ GK|~} rad

}
sN
¥��

(1.86)

��� b ¶ a n j Ç Ó_ê Ö ä � � � ^��+rEuA\ `,Ò_Ó Î�Ï `	� n ¥o� æ }Gauss
�
Ç bûö ��È4É ¶ a�~ ¥©¥ e:~ ¯ e

¿
æ �� b ¶�º av�#� Ç Î�Ï (Gauss)� av�#� Ç bûö �/� ¹/º�� ^]� Ç/��� º+� ^ � a�� (1.3)

` �4��� � ^��

5700 5800 5900 6000

0.005

0.01

0.015

0.02

Fig. 1.3: ResonanceLine

b ö c���� � c Lorentzian
\�c � � ¸ a � ¯ Z1� `	��
6` Î�Ï#� Ô1�
¸v� ü+� ·+J � a Lorentzian �%� · �� � ¹/º Ûd� a�� (1.3)

\ `
Peak

` Î�Ï c,a��#�%�]�L�#� � e � ¯ ��� ^��_\ ]_^�� � � � a]� (1.3) �A� a Ps`fgih8ñ�ò:ó¨c/�]�v� �8Û�� º a 2% �# #¡:Ð Ö ^:ä � ¸ S êA^��vrEuA\�c,a/g|h:`,ñ�ò:ó Ç%¢ b ¶ a]£�å � bûöÇ%¤v¥ ¶ º a#�]�v�_` Î�Ï `	�
êìëía � j u e4gky§¦
¨ x Ç © J ^��#�]� Î�Ï `	ª1«��¨c,a (1.85),(1.86) �A�
n ji¬ e�­¯®8®i°:± G²}Gauss

�
(1.87)

��� ^�� 2

2 ³µ´�¶�·¹¸µº²»R¼½¼�¾t¿ÁÀÂ¿ÄÃPÅµÆtÇPÈ%ÉÁÊÌË~Í%ÇPÎ/ÏÐÊ�ÉµÑÁÒÄÓÂ¾ÌÔ�Õ�Ö²×½ÒÌØ%ÑµÙÐ¶Ìº²ÚµÛÐÜ¹¶oºÄÓ½Ý%ÞÐ»Ðß~ËµÍ²º²¶PÅµÆ/»ÐÈÂÉà ÓµËµÍ~á ÇPâ ÛÁÊÌã²äÌåçæ%Ç�èRÏ~ÜÐéÂê¹¶ÄÅ½ÆtÃÁë/ÉÁÊ¹» Appendix C ì²í
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Chapter 2

APPARATUS

2.1 Schemaof SetUp
�

(2.1)
c,a Í�Î�Ï � £�å �	îEï Ö ^øÒ4Ó Î�Ï "�\ ` Ps

`fgih8ñ�ò Ç%ð ë Ñ ^ ·+J `
ñ3��ê �1òôóôõÌö�ó�÷

Pb

PMTNaI

PMT1NaI

Pb

PMT2 PMT3NaI

coincidencepair : 1-2 , 3-4

Shim

Shim

MagnetCoil

CouplerGasInlet

Tuner PickUp

Cavity
Pb

Pb Pb

NaI

NaI

Pb

Pb

Pb

PMT4

NaIPMT

Pb

Pb

Pb

Pb
Pb

Pb

PbTeslaMeterProbe

800mm

TopView

PbzFz Na Source

SideView

Cavity

Fig. 2.1: Setup
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\ ]_^�� Zvø \�a�£�å�ù�å�`
ú#û1ü �
��� º�ý3þ�Ö ^��

2.2 Magnetic Field

2.2.1 Electromagnetand Shim

rEuA\�c,a Í�Î�Ï ctÿ
6000gauss��� \ ]_^�� ¶ ê w a_\ × ^�� Ü���� Î�Ï ` Ï	� \/ñ�ò Ö ^ Ps Ç%ð ë Ñ· � `/\�a�ñ�ò Ö ^�

�����_\���� � Í�Î�Ï ¸ © J ëøåA^����]�
���6`��E��� ¸ a+� (1.3) �A� 25gauss�#  \]_^:ä � Ç � Ñ ^ � a Î�Ï c8a Ps

`,ñ ò	�	� "�\�a
� �»ù/� w � ­ gauss�#  `��! �\#"�� ¹/º � ^ ��� ¸ ]^��+£4` ·+J�$&% c a#' %)(+* \ × ^-, Î+. `
/�0�1�� � Shim
��243 å¨^ Î+5 Ç76 J ^ ·vJ `-8 Ç�96Ü º Î�Ï`�����õ Ç �A^:ä � � ¶�· � &;:_��< ¹/· Shim

`�=:� Ç�> b Ö ^ s � c,a Î�Ï	?	@BA � õ PoissonÇ * � · �C�D :_� c,aE�E� � Î�Ï Ç�F ^ ·1J � c Shim
` ��G ¸IH G \�c �îù a;J G ��� ^tx ¸EK � ä � ¸ 
4ê ¹,· � ¶

MagnetCoil

Shim

100mm

Fig. 2.2: SideView of MagnetSystem

ê ¶ aE8 Ç-L ë ê � J Gf��ÐNM Ö ^:ä � c�O�P :_�7Q ¶ ê ¹/·:·+J a�J Gf� \ × ^�� Ü�R ùv� ^ �4� a Shim �SNT Ç�96Ü ^�ä � � ¶�· � · � ¶ a6ä�`-J G `���UAc Shim �%¤NV º ñ ×fù a SNT c � ü1�#w ` ��� ^��v� (2.3)c,a�£4`�� ��W�X ¶ a�r�u¨\ * � · Shim
`1��\ ]_^�� · � ¶ a SNT c�YEZ Ö ^ ·+J � ñ × ù\[ �N]�13_ ü åº � ^���� (2.4)

c,afä�`
Shim Ç , Î+. �Â� �^9fÜ · � �4\�_a` � ,�b Ç b ¶ aT"�c Î�Ï Ç 5790gauss� ¶�·�/× `

Poissoǹ
?	@ C+D \ ]_^��

2 � ` coil
`#"�c_`�a]2ed ��f7gih " Ç;j � ��k�l�m�n¨Ç/� � a 2 � `#"�cÇ�o ù x
p Ç z

� � a coil
`���U]x
p Ç r

� �/� ¹�º � ^�� r
� �Eq 0	r+sLx
p�` m�n � ¸ ]_^�`�c,a Î�Ï ¸#t  x
p�\E���_\ � � Ï Q ��u	v Ö ^ ·+J \ ]_^���ä,å Ç Úf^ � a j � 9	R \�c;w�
 � ��� �
¸ r�x ü å º � ^ä � ¸ 
�êA^�� ¶ ê ¶ a�"�c êìë�]_^ �# 	y åì^ � a
z�{ � Î�Ï `	� ¸ ô:õ Ö ^���ä�` ·+J a	|�} :_� $~% cÎ�Ï `�|+ñv� � | � �
` T Ç 20gauss�#  � Ú#� w ¹/º � ^��fä,å c,a &�n ` � ­ gauss� c�� ¶�º Û ë²�8a ÎÏ `

systematicerror
c ?	@ `Ls �vw dominant � � ¹/·�¸ a��	� : � w `�\�c � ê ¹/· � $&% c�ä�` j � 9#R \

Ps Ç�� � a�ñ�ò ü�� ^��2 � � � a�ä�` Magnet � ,�b Ç b Ö ,�� ( �	� PAD35-50L)
c,a

35V - 50 A
` w `�\�aN,�b Ç |+ñ�\ 51.8

A
b ¶�· �/× � a Î�Ï c 6512.65gauss� � ^���ä,å c	rEu ����� � Î�Ï � w�
�� ¶�º � ^��
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0.450.25
0.31

62mm
77mm
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150mm

z��
Fig. 2.3: Shim
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Fig. 2.4: Z andR dependenceof MagnetField
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2.2.2 Measurementof Magnetic Field

�
(2.1) ���!�7�;������� MagnetCoil ����� Cavity �������#�&���;��� Ps ������ #¡!��¢�£�¤7����¥B¦�§�¨

��©	ªE«!¬E��©�� Coil �+�	��­�®i¯±°
²	³ Shim ��´�µi�7� TeslaMeter(Group3DTM-151) � Probe ¤;¶~�^·B¸\�
§-²�©�¢�£e¤�����¥�¦�¹	³�ºB»±� Cavity ¤���²a¦�¼��7�N��­E¢�£B¤ NMR ¢�£#����½ ( ¾
¿�À;Á#Â EFM-3000AX)
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Fig. 2.5: Caribrationof MagneticField

©
Ã#Ä4���N�&»Å� TeslaMeter ©��N�Æ»�³�¢�£&¨ caribration¥e¦	§�¨;©��NÇ�Èa��®	®4�;�a¬N¦���­4�;¢N£e¤�ÉÊ¦
§N¨��E©�ª4¦\¹ � (2.5) ¤�Ëa¦N¨7� 2 Ì
�;¢�£B��Í;Îi�;�
Ï	Ð;Ñ#ÒÓ� linear ©�Ô4¦�§N¨���Õ
®a¦\¹!Ö�³�� � (2.6)
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³�Ä	���;�	äNå
© 1 Ä	��©�Ô4¦����~§-²i¤�Ëi¦N¨7��¢N£B��æ��;�	�N�a�����B¬��Eç�è!«Eé	êB��ë!ì�©EÚ	�
©�Ô
¦	§N¨���Õ
®a¦�¹

2.3 Micr owaveSystem

í&î �;�EÇ#ïe��çEè
«�ð+ñ�¢N£�¤ Microwave ��ò�����óa³;¹ � (2.7) � Microwave ¤ Cavity ���N²���ôNõaö

RF
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Fig. 2.7: Microwave System

� ���+�����B¤��
	���À�¥e¦�³�
	����������©NÔ4¦�¹����4©�� Microwave � Power �N§�§����!®�²N�
¬N¦�¹��� ©��Ê§�� � ��ÌB¬�� Microwave ���a�� 
²a�"!i���$#&%�¥e¦�¹

2.3.1 SSG' FD, BPF

Microwave �;�BÖ)( StandardSignalGenerator(SSG:AnritsuMG645B) òa�+*NðÓö�²e¦�¹�*�,�-�.
/e�;��Ï
Ð 1 KHz 0�1B©�2�3!��4�5a©�Ô4¦�¹Ê§	§�©�*Nð!©�ªa¦6-�.
/Ó�;äNå 1000MHz ©�Ô4¦��#©#� SSG ©�*Nð�¥Ê¦
Microwave ��-�.
/e� 640MHz �a»��+�
ª�� Frequency Doubler(FD) ©�-�.
/e¤ 2 7Ó�;¥e¦�¹ã»-®Ó»�� FD �;�
2 7�.a��8i� 3 7�.�� 4 7�.�9:�6;e���Ê»�Ö=<?>	�Ê§;²a¤6@�A�¥e¦CB�D�.E�"F
GN¥e¦�¹ BandPassFilter(BPF) �
§;²&¯�¤�H&I õ ¥e¦�³�
KJML�¥e¦�¹
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SSG ®Ó¯��
���B�;��Ï	Ð;äNå+©$N�L »Å�Ê§;²+� 17dBm(50mW) ©�Ô4¦�¹ Microwave � FD� BPF Oi§;²&¯
¤�Ì	«QP�Ã"R&SNÀMT�UB¤"VÓ¦	§N¨;©�� Power �;� � �!ò�<���W�X+¥e¦�¹
Ö�³ SSG ���;���� NÁ
YB�����i��ò�¦ Frequency Modulation(FM) Z�5!�+ÔÊ�ù� Cavity ��[�ê�\�]Ó��ò#¦�ô

ð�-�.
/B��^�_
«�\$]Ó¤ FeedBack »��$`�a+¥e¦�³�
�N�L »�³����Ê§;²a��Ì!¬��
�Kbe��#&%�¥e¦�¹

2.3.2 Amp, Power Meter, Dir ectionalCoupler

BPM ®Ó¯�� 1280MHz � Microwave ¤ Amp(NECHPB-2403) ����²N�$c�dE¥e¦�¹ Microwave � Power ��å
ª
¬6e�����ð+ñE¢N£4��æf��å4ªgP)«Æ� ��ô
õ
� Peak �;ËfhiO�¥QP�«a¦���©�� Amp �����!�;ä�å
©�L�¬�¦�¹4§��
Amp �;�$j	������ò�¦�¨"k
U��)*�ð
©�äNå 500W ���"�4��4$54©�Ô�¦���� í&î � ContinuousWave ©�L�¬�³N�
©���äNå=�"�B� 49.3dBm(87W) ©�Ô��;³�¹!Ö�³���§�� Amp ��� Output �
	��EÀ�L4�"l	Â!�EÌB¬��
¬N¦�¹B§	§
®Ó¯������!�;�EÇ�È+�����
� ÷ùøüûnmpo dB ©�Ô�¦�¹B§	§�� PowerMeter(HP8900C) Ì	«!¬�©����i¤�qB�K�
	��EÀe»
³�¹ Ps �frts	®Ó¯ ú s�u4��v�w�Ò�xe��ð+ñ�¢N£i� 2 y��!Ì
ÖÊ� Microwave � Power ��z
{�¥e¦����|���a��Ú	�
Û&¨
»�� 5 % }	êB����������~��e¤K�N�Æ»�³a¨a»��&�-� ú sE�N��/B� 2 % ��v�wi���!¸�¦ 5 % ��\�]Ó�;� í&î
�)��
4¦�é	ê&¨
»��N�	Ï4¨��M�K�$�
«B¬-¹��+À��N��«B¬����M�
	���À����B�
§������N©$�+Õ�Ú	�
©NÔ��E³�¹

Amp ®Ó¯������B�;���+�	Ö	Ö Cavity ���N²�¦��#©
��«QP��Ê§	§�®Ó¯ FeedBack �������
��ç�è
«���(
®�«
Power ¤ DirectionalCoupler ©#ÕB¸�¦�¹ DerectionalCoupler �;� � (2.7) ���|�)eM�
� ÷ùúüû dB © couple »��a¬
¦�¹���eM��®Ó¯�� coupling � ÷ùø r dB ©�Ô4¦�¹
Ö�³�� Cavity ©$>���P Microwave ��ô+õ&»þ«B¬7£
���#åaª�«��$�a���Q��¦6�N²+��Ô4¦\¹��+�"���	���!Ä#��á

ª�� Amp ��åaªE« Power �#�i¦N¨ Amp ¤��ã»��Ê»�Öf<���²+�+Ô4¦���©��g�M<���Ì DirectionalCoupler ¤�L�¬
���Ê§;²a¤ Power Meter(HPE4418B) ��Ì	«M��� Cavity ®Ó¯��)���Ó¤��
	���Àe»�³�¹�V�q4�)�i¬-ô
õ����+©
���
Cavity u4����� 63W �!¨�ª��)���i� 5 mW � � ���Eh4¯�²�¦�¹B§���³

��)��� ¨+»��!§�� PowerMeter u!�	¬
¦ Power �;� Amp ®Ó¯ DirectionalCoupler ¤"��e&�
�"V�AÆ»����B����P�¦ Power òa�K���!ö|P�«�¦�¹~ò������
Cavity ®Ó¯��)������Ñ�Ò4«Eæ���Õ
®�¯7«B¬�����qB���+Õ��!öN¬N§N¨#¤-Ò�  »�«+�Ó¯þÇ#ïÊ¤�¡e�E³�¹

2.3.3 Cavity

Microwave ¤�ô+õ
ö � ¦ Cavity �-��¢�£!��¤���¥�¦ P2 ©�§�;�ö�²N³�����©��
§-²+��ôEð�-�.�/
� 1280MHz
©�ÔÊ�ù��¨e��#&%�»�³�Ø�¢N£B��æ��
§	§�®Ó¯ª©aÖ���³�¹ Cavity �K«�¬!��­�U¯®-©��)°t± m �K²E³MI�´��4ö�²N�a¬
¦�¹
µ+µa��¶�·�� 10mm ©��&¸��B�� 	¡�����¹a� 142.8mm ��ºeö�� 42mm ��»K¼�½4©�Ô4¦�¹

¾ ¿ ¾ ÀÁ¾QÀÁÂ ÃÄ¾Å ¿t¿Å ÀÁÂÅ ÃÄ¾

Æ=Ç ÈªÈÊÉ

ËtÌÎÍÐÏÒÑÒÓ

ÔÖÕØ×ÚÙ ÛÝÜËtÞÐß È ËtÞÐß È

àâáäãåßÝæèç

Fig. 2.8: GapbetweenShims

�
(2.8) �!ò
<���� Cavity �Ké��#��­$������êØê Na � Positron Source����ë
µa®i¯\�B¦�ò�<���«+���a¬N¦�¹B§

§�®Ó¯K�E��ª�³ Positron � Cavity �	��ì
í4©�¾Mî�U�ï+À
¤Kði¬-� electron � Coulomb ñ���ò���óKUB��Ì+®+Ö��
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��ô�õ����B¤�; � Ps ����öeöE²�¦�¹
Ì
ÖÊ� � Ps ���N�BÄ4��ÏB¨���� boost »��a¬�«B¬E�	©�� ú s��N�i�:sB�;�
Cavity �	��­�®Ó¯;Ï	Ð back-to-back������P�¦	§N¨#��«�¦�¹

2.3.4 Micr owavein Cavity

ElectromagneticField in Cavity

Cavity �	� Microwave ¤������N²e¦�³�
	� Coupling �$µ+µÊ��� »Ê÷eÖE²��a¬�¦�¹ Coupling ��Ã"Re��¨B�
U
ÀMø#��«a���N� �ù� Cavity ¨\¢N£ coupling »��
¬N¦�¹ Cavity �	� Microwave � TM ùØùûú mode ¤�L�¬N¦�¹&»K¼ü

Cavity �)ý�þB�	�#­B¤Kÿ��&¨
»��������	���	
�� ��»K¼�
��Ó¤��&¦
¨7�Ê§�� mode �;��¢N£!��
?eM� ( Ø�¢N£i�$e
� ) ��`~»����	�4��ö	Õ~»-®���³$(;�#¢N£4��åaªNö���
�����F~»7«!¬-¹B§;²4�;��Ø�¢�£&¨���²a���$¡+¥e¦þð+ñ�¢
£&¨�¬M<\Ç#ïi�����e¤��a³e»��a¬N¦�¹e§��!¨�ª	� Cavity ¸N��Á�¢N£��;�&»K¼�
��Ó���B¬���-4ì	� ��í&¨�¬�<"!# �$�4© Laplaceeq. ¤�%�¬�³a¨�ª��7óã¯7²a¦ BesselÍ)/4©�´�ö�²�¦�¹$&
í('4���;� Microwave ��ò�¦-ÁE£&¨\¢
£�����²�)�² *

+-,.+ ú0/ ù � s ùØù �1�32	4657�82	465:97;�<
*=>, + ú
±�9 <� / ù?� s ùØù��@�� 5BA�CD��E <�Äs ùØù /GFù �Ýs ùØùH�@�I2?405J� 5BA�CK9J; (2.1)

¨C�i¸�¦�¹Ê§	§�©¯s ùØù �ML ùØù �;�
s ùÒùON L ùÒùP
/ ù?�QL ùØù	� , û (2.2)

©E��Riö�²�¦�S4©�Ô4¦�¹BÖ�³ P �-ô
õ�ý�þB��T
¹!©�Ô4¦�¹ 1

Q value

Cavity ¸��e�E³NÖ���³ microwave � power ¤VUÓ�XW�-�.
/e¤Y9 ��ZÓ��ò#�;��[�âeö�²�¦ power ¤-\1]�¥e¦
¨7�Ê§;²
��`ã»���� unloaded̂_]

^`] , 9OU\ ] (2.3)

¨�¬M<aS��+Ô4¦�¹BÖ�³���ë��!®Ó¯�� coupling ��ò�¦�b�ð power \@c���`ã»��
� coupling ^ac
^ c , 9OU\�c (2.4)

�+Ô4¦�¹���e#�	�N�
©�óã¯7²�¦d^Æ�
ý
^ ,

ý
^ ] E

ý
^`c (2.5)

©�e:h4¯þ²�¦f^Ó©�Ô4¦�¹��hgÓ�-^aæ��;ô�ð�ý�þB��ô
õ
�)�aö	¤�´+¥�¹
unloaded̂ ] �;��ihjÊ��ò#������
4¦	§N¨���©�ª�����²4��ka��l4©�e:h4¯7²�¦�¹

^ ] , ý
ý Enmo

p q (2.6)

§#§�© q � skindepth ©	Ôe�ù�!§-²�� microwave �rZi�
»C·a§�sut�ö#¤�´	¥�¹ p ��»6¼!�"ºeö;©NÔ+¦\¹ 1280MHz
���!¸�¦ª²�� skindepth

q � q , ýtm v ø oxwzy|{�}:~ m (2.7)�X�-�K�d�r���Y�����
Cavity

�
unloaded�_� ���h���.� y3� ��wzy|{�� ���.���

1TM �M��� mode ���h���� K¡£¢D¤¦¥�§©¨�ª¬«�§©­z®O¯¦°�±D² [6] ³a´



24 CHAPTER2. APPARATUS

µ�¶ � � � Cavity · microwave ¸�¹ ��º�»��z¼$½.�u¾Y¿XÀ ¸�ÁÃÂÅÄ º$Æ(Ç ¶ � Cavity
��È�ÉËÊ�Ì�Í ¸YÎJÏ��Ðd��� � microwave

�uÊ$Ì�Í Îd·�Ñ Ðd� ÉÃÒz¼$½�ÓÕÔu�
Ô�Ö ×0ØÙ©ÚÛ Î�ÜzÎ7ÏHÝ�ÜzÞ × Øß Ù Ü Þ (2.8)

��à-áËâã� ��� �����
ä ÎXå�Î�Ü Î Ï (2.9)

��æVç � � power
� ¼$½�ÓéèêÖ.ë Ôìë ß Ö�ÔîíðïñÔ �r�

èêÖ ò ××6Ø
ßxó ôß Ù Ü ôÙ Ú ß

ò ××0Ø
ß`ó ôß Ù ß

Ö
ß ò ×× Ø

ß ó ôß Ù ß Ü ôÙ¬Ú ß
ß ò ×× Ø

ßxó ôÙðõ ó ôÙ¬Ú ß (2.10)

�X� ��� �r���Y�K� ä Î Ö { � � ¿��uö�÷�¼�½�Ó ¸ è Ï ��Ðd���
è Ï Ö

ôÙðõ Ü ôÙ©ÚôÙ õ ó ôÙ Ú
ß

(2.11)

���.�a� � � Ö �`ø �hù�� coupling ¸uúzû$ü�ý � �rþu� (2.11)
�Y����� � ¿ ¼�½Yÿ �Vça�(��� µ�¶ � ß ò ×× Ø

Ö ôÙ �ù�� ¼$½
R
������¼$½ è�Ö yr� Î Ö Î Ï �hù�� ¼$½ è Ï � �����(� ô��
	 Øß ���.� �$��� SSG

���hÉ�Ê�Ì�Í ¸�
� Ä º���¼$½�ÌY� power
ÿ ô��
	 Øß · �.��� ¿�� ä Î-¸���� ��� � �(ÿ Æ µ ��� Á�ÂÅÄ ¶ ü�� � Cavity

��È�É�ÊÌ�Í
1280MHz ·�Ñ Ä º���¼$½Yÿ ¹ ÷Y����� · �Y� ��Ò(�r� 0.3310MHz

�X��� ¶ � ��� º � �
� Ö Î Ï� ä Î Ö

y ��� {{ì� ���îy|{�� � ���! (2.12)

���.����"$# �hù�% [8]
� Á�Â Àu� ¶ � ÿ 6000 &(' �X��� ¶ � � ¸�) á ��� ��*(* � ÿ,+ ça� � º.- � � �ÿ0/ � ���

Oscillating Magnetic Field

úzû$ü�ýÅÄ º1- � Cavity
ÿ�2�304�5 ·�6 Ð.��� �,7 · � �980:<; � � ¹ ½ power �>= Ä ç_� �¬�ê����?�@ ·æ -rº�� ; ø Ö ; � Ö � �BA ���Ã�£� (2.3),(2.4),(2.5) � ÁhÂ�Ä ¶ � ��� � âx� Cavity C�· ¶�µ ��º1- � microwave�

power
� y3� ��D w�y|{ }FE A ���.��� �r� � (2.1)

�uö0G�H ¸JI$K Ðd��� �ML�N��X�rÉ 
 G�Hê�u¾Y¿XÀPO ô �
O ôRQ D wzy|{ } � T (2.13)

���.��� ¶(S Ä ��?�TÃ�rÉ 
 G�H.� Á�Â Ðd� � � ÿ��X¿ � -z�$���-���UO ô �r�(V(W · æ -uºÃ� freeparameter� Ä ºYXZ�rº[- ���
Pick up

Cavity CÃ· � Pickup ��\ ��� � Microwave
�uö$H ¸J]VÄ_^a` ¶ Ç��,b(À ��c�dYe(f ÿ�� ��� ��� � â���g÷ê�r�0h ·Ji.j Ðd� FeedbackSystem·�k - �9l � Cavity

��È1m�ÿ,n ¶ ��º.- � � � ¸9o(p Ðd� ¶ Ç���q (2.7)��r · CrystalDetector
�0s�t ·YÄ º Oscilloscope

��»��uö$u ¸�v º.- ���
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2.3.5 FeedBack SystemusingDBM

DBM
�r�

2 w � ¹ ÷Y��x ¸ g�÷ Ðd�9y.z�{�|~} �X�-�¬�-�r� ¸Jk -uº��$� '��,� · � � Cavity
��È1m$ÊhÌÍê���(� � �0� ¸ Feedback Ä º�È1m ¸9�$� Ðd�0�Y�0e�� ¸J� � ¶ �q

(2.1)
�Jr · � Cavity ·�¹ � ��� � Microwave ¸J]dÄ_� ��º�¿uº������ � � pick up

���1��� ¶
Microwave ���x ¸�� �D� ��� � ¿�� PhaseShifter(

?$T · �J� �~���>�~� ) ¸�` µ ç ��� Ð(�z� � Cavity ·�¹ � ��� � Microwave¸1����� Î�� (
É�ÒÃ�

1 �ãÐê� ) � Ä ¶ � ¿ · � Cavity
�

pick up
� â��

DBM � � ¹ ÷ ¸��J�¡ £¢ Û Î¤� óY¥ Ý �£Ð.� � � ÿ�X¿ ��� ������� � � Cavity C � Microwave
�

power ·JI�¦ Ðd��§ ��� ��� Cavity C � power
�r�

Microwave

(a)

∆ω

¨ π
2

π
2
(b)

∆ω

φ

(c)

∆ω

sin φ
¨
2

Fig. 2.9:

��È1m$Ê�Ì�Í � â��Y©�� ¸ ä Î � Ä ºê�r� ¸9ª�� ·9� ��� �«q (2.9)
�

(a)
��r · Lorentzian · �.��� µ�¶ � ¥È1m~4(5 � â���¬�­Y�Y©����X� ��� Cavity ¸ LCR

È�É¯®�° � �J±(²(� ) á ��� � ä Î ¸9ª(� ·9� � ¶ � ¿�� ¥�r�«q
(2.9)

�
(b)
��r · �.���

DBM
�

2 w � ¹ ÷Y��x ¸9� � �$���(»���g�÷ê�

���³ £¢ Û Î�� ó�¥ Ý´�µ���:Î¤� Ö � � �³ ¶¢ Û � Î¤� ó�¥ Ý ó �³ ¶¢ ¥ (2.14)

���Y�£� ��� `J·��³ ¶¢ Û � Î¤� óY¥ Ý � - ` 2 ¸ �uÊhÌzÍê��¹$� ¸ filter Ä º0* ��� � � � �³ ¶¢ ¥ � - ` s,tË��g�÷�ÿYºVâ� �a� �r�X� ¥ ÿ$b(À0- � ¿ · �r�1»(¼�¬(­ �0� ·½I$¦ÕÄ ¶ g�÷ ���.�£� ����s�t�ö�u ¸ SSG ·�¹ ÷ Ä ��¾(�ö$u ·�ÑVÄ º���Ê�Ì$Í ¸ ¾Y¿ çDÐ.��¿�À · modulation Ðd� � `u· Ð ����� SSG
���hÉ Ðd� Ê�Ì$Í � â Cavity

�È�É�Ê�Ì$Í(ÿ~©�� ¶ � ¿ · ��È1m ¸ n w ¿1À · Ê�ÌzÍ(ÿ«Á 
�ÂX·��$� Àu� ��� · �(Ã · ���uö�u.� Oscilloscope� y$Ä�Å Ä º.- ����ÆÈÇ �Ã���(� `�·YÄ º���È�mÃ� � ù(É · æ«ÊX�9Ë Â�¸ q�� ¶ �
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2.4
���

Na Positron Source
� ·�Ì�]VÄ�Í � ¶ ÿ � Ps

�
Cavity

�(L,N ·�Î - ¶ ßBß Na Source
� âD�«q

(2.10)
�(� `�·9Ï�Ð Ä º1gzºX¿ ¶

positron
ÿ

electron ·JÑ µ � º�Ò~¹dÀu� ��� positron
�

Cavity
L��

Ar
���0Ó Ç ��Ô 
�Õ1Ö }$×�| 545KeV

��»

β
+

(545 KeV)

22Na

γ (1275 KeV)

τ

τ1/2

1/2 = 2.603 yr

= 0.1 ps

Fig. 2.10:Decayof
ßñßÙØ~Ú

�~Û1Ü ¸ : ��º Ps ¸J� � ����� Ps
ÿ Ï�Ð Ä º��X¿ � �´Ý � energy

�r�1Ô 
 § n�Þ � â�»h��ß��$ö$àê�Yá §f�
�¯â 511KeV · �.�£� ��� � ¿���q (2.10) · � � � `�· � 1275KeV

� Ý Ì g º çr� ÿ �ê�r�Ë� 511KeV
� �´Ý

coincidencȩ9� ��º(* � � � *$� Ý � energy ¸�Á�Â Ðd� � � � � �äã ÊX��� w µ �K� detector
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2.5 Gas-HandlingSystem
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Fig. 2.11:GasSystem
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Fig. 2.12:PMT with NaI ash Detector
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28 CHAPTER2. APPARATUS
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2.6.2 NaI
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2.6.3 PhotoMultiplier Tube
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Table2.1: High Voltage

2.7 DAQ System
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;¦¯)õ�q�°²±�³ 'Eo�)+* © lþ�|3´¦µ"| A&B�'�C >�q ê ��¥ ��� å«æ à�áy©
z ADC ���	¶�~ 16ch
� t l ­ |"¤ Ù 0 ch �k� 3 ch ���«qsà¤ � �	z data � 12bit
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��z l�² (2.13)
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o
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Chapter 3

EXPERIMENT

3.1 Counts Estimation
�k� ~$ç�è���Ç�z j�p |	� l�Ð(Ñ(É |�Ò&Ó ´"o�Û »)� Ps |E��h6����Ô«|�ü�Õ�� ��� ~ l ç���|�Ö ê ��� l	²
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o ���	¥ � �¹h	| ÍEoÛtÜ ~ Ps q �)�¦Ý � o ÛPÞ ¦ ³%·�¸ © � �¹h o�ª � É¦Ê Õ l Ô¹h o ����© ��psl«² (3.1) |-½ o back-to-back

o
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ß¢àâáh h

h
Fig. 3.1: A Caseof 3 h Decay
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³ ¥ � Detector | efficiency � �"��� � �Ót ê ë � l íóò å í î å í ô ~�� � �¹h�| efficiency � Detectoro ��� � x ��¦ � | count

¦ ª ��� ����|�ç�è���� ­ |«£%¤ ª count �3Ú�� �)ª"j ~ l Ar
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ê � � l ê û |&B Ê �ÓÔ¹h��k���¹h�Ì�|&C�D�~���� ��j � |6� l ­ � ��Ò&Ó%~&����z ¦ � | count � ����� £���$l ­ | ê � ~$ç�� o Microwave q$� » Ñ(É q )	ÁE��Ý z ¦ �'o Ú�� � � count
¦ ª ���«­ � �6£�t l H+º�E«{z j ê û �

ê û ì ê � ù ê öê ë ù ê ö (3.2)
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Fig. 3.2: Expected
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3.2 Histogram
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± ih²�³�v z�j�´ i¶µ ± x�z 511KeV j photoelectric peak
p&·o¸�sfn _1¹�º�»
¼ j�z�j�½�¾1� ^o_I`¿b j¶ÀÁk

event
e,ÂÄÃ,Å/Æ }h| p software

p$Ç�È�É }�ÊhËfj logic ´/Ì�Ífj/Î Ã `
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� (3.4) � q çhè Û peak Ì��oj compton���� fj count z�Ò n ×�� p&qcr ç uÕz"! ë
v n l�Û peak j$#Õl&%' p Ò n j��1Û 1 ���fj histogram Ü Â ë)( � (3.3) j&* p vwç à;± v�Ö p Û 3 ����� event Ü
+ Ö ê-, ç�è �
(3.5) jÕ×�� p vwç à

3.3 The History of the Data
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è � s ´5b1c�l v n z/j�j$Û 3

í j data ´ µIë z Peakl qor$s;n v n*à&d 4�9e:I´$Û TeslaMeter
��f�g�h�iQÜIühï Æ ç j1��´ v ��Û Magnet

p�j�ÆOk�j Ü�lOmDn�Lw� s Û k�j j$o è h�i;j$oÕj Caribration Ü��p Û ú�p j ú5q ��j ¹1º h�iwÜ P ï�� s;n } à �*uy��Ûoß&j ø ´	rwjts1MVuvW	w5M�Ü E�x � sO� xzy�Û&{ p ühï
�|f¿� s Öfç�è Û�})~ kVj o��fzaý Ø;ø è ý�� ø ��´ 30Gaussÿ��;j$C�l�� ¸ } à 3/14, 3/23 j data ´ n y ë z
h�ioÜ$f5ghü�ï¶� s;n v n è m
j�z�j���� Ã Û���#���j&ü�ï���}e~�h�i�l ú�� ��m sfn } è ´ E r�p � n*à 3/23j data ´	���)�
� ã j&fO�Õl�m ë n�p � ë s;n ç l�Û
ê��fj$�X��� Peak l��Ýx/� ë s ��ñ ¸ } èFE r x ëwç à

4/23 j data ´�Û�4o| s TeslaMeter Ü	� ` � s Ö } è m�j�z�j���� ç à ß1j ø ´ Cavity ��lV���fj
ñ�ñ��
ühïfÜ Çyn Û Ô j	����Ûw×t�Lt�uyx v n data

p v ¸&s �Iñ ¸&sfn ç à Ar
p/íon/s ´�Û��O�fj ú&q �5� ` � ë sn }�uyxLÛ è n �z�X��j Ö �5� ` �$}hj�½�l�Û����;jO��L�n
Ü q ç
� Ã ÛO���D� p ´ ²�³ ��� ¸ } è1� È ëwç à� p j$8�}f×�� p Û Ar

¹ p ?��oj NO Ü1���Ý�$}5���;��´,Û Ps ´�� s ÀÁk��5��� Æ ç l�Ûcß1jÕ×�� p �������¹ ��´�Û Ô�ë�ì�ë j
��� p/ícn/sV� !� $¡��;l � ë sfn ç  ���´ v n u è1� È ëwç à�¢ �h´ E r m ë
v u ¸ }l�Û¤£¦¥�§�������´1¨¤© v  �u
ª è n �Ið p/í;n/s ´�Û study l ²�³ ��� ç à
� (3.7) ´�ÛO4o| s Peak l qcr } è1� È ëwç data ��� ç à 2 ß&  ø ´,Û \ 7� �×�� p Û Cavity Ü�«�� p � s

Fig. 3.7: TheFirstPeakAppearance

uyx Ar Ü · ëwç�è n ��ÊhËoÜ 3 �
¬ Ã®­ �LÛ�¯�°��D  Ar 1 ��±;� data Ü Ây¸$s Ö } à <>=V²�³ p�íon�s 5 ð�ÛÔ  &òhó p/íon/s 2 ð�y í data Ü ÂÄÃ Û Ô�ë Ü 2 � ÇQ¸ }�l�Û 2 � è z,Û�%�<>=V²�³;��´�´�µ5fO� p�¶Q¸�s��Ã Û�<>=V²�³;��´�Û Ô ß/u¶x1  enhancel q x ëQç à 2 �
·Q¾ s Ô�ë x
� n data l5.÷x ë }Õß è ��Û¿ß&  ��¸p ´
¹ �Oº l�� ç zV  è �LÛQ�fx p Ò n datapoint � úOq Æ ç ß è p �$} àÔ  ${
ÛO»Õu nF¼�½ Ü Çyn Û�ý�a)� p .÷x ë } data l
� (3.8) ��� ç à ß&  ø ´�Û��¾��}e~ setup � 2 �
·
¾ s scan �LÛ 2 � è z	�V�)��m ë n v Peakl qcr&s�n ç à @�At� p ´
z��F?¶� count Ü�}h|�}�u ¸ }�l�Û ø ÏzV��ñ Ã v u ¸ }� �� 3 ß
ß&� úOq Ü	¿ ± � ¸ } à ß ë x$´�}t~Àh�it 1ð�� data Ü Ây¸&sV�þÃ Û Ô  
ñ�ñ 2

í ÜÁ r };z� �l�ÛÕ� (3.9) ��� ç à ÌV{
Û¿ß&  data
p/íon/s ^�_QÜ Ç � à

2 �ÃÂ"ÄÆÅ&ÇÈÂ¦�I«ÆÉ��ËÊÀÌ �ÃÍÀÎ$ÏÃÐ�  �ÃÄ��FÑÓÒ���Ä*¬¦­¯®&���I��« ÏÕÔ ÑËÖÕ×�ØÚÙFÛI­L« ¡ �®Ü¦�"ÝÓÞËß1àÈáÓâäãa�äå	ÑL�Þ��æç|è�é Ä ¡"ê ¤ ê ¤$ëíìI�"îÓï Ï �Fð ÖñÑ   ���äò"ÛäÖ®ó   ®
3 ô®õ 4 öÕ÷ �ùø ÷®úäûa� ��� ¡ ¤¦� Ï ( üÀýÀþ � ) 5/13 «®Ñzï�� ��ÿ�� � � ¬�­�®



36 CHAPTER3. EXPERIMENT

5/10
�

5/13
�

Fig. 3.8: LatestData

5/10 + 5/13
�

Fig. 3.9: Sumof LatestData
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Chapter 4

ANALYSIS

4.1 Linear Fit
\�]   data Ü q ç�è Û�� è � s ´
<t=>  peak l�� ç ×�� p&q¿r ç l�Û�@�Ae� p ß ë ´ signal ��� ç Û è� r ç,²�³ l�� ç à ���Õl�fO� p   ¸&swn çhè n ���hïQzñB>C�  ÙÕÚ �	� Ã � ç Û è n ��ß è p v ¸&s ´�¥¶z

linear fit to all poits

linear fit to off resonance points

Fig. 4.1: LinearFit
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v x v n,à Ô ß&��ñ5y/Û datapoint ��� p�
 � s linearfit Ü Ç¿¸ } à Ô  
���;l�Ûw� (4.1)  &ê�âo��� ç à
�
�� L�n�´�Û P1 l offset �1Û P2 lOfO�t ��wm���� ç à 1 � ���  /ó�ê� �ý
ê���l�Û�� H�� ï> 
������� ç à reduced
� H�� � H�� (degreeof freedom) Ü q çhè Û����ÕlOf�� p�¶Q¸�scn ç Û è n ���! º ´ 80% �¿�,u#"%$
��m v n,à
ß ë ��´'&�ïD� v ß è ´ � r v n  ��/Û)() 	*,+QÜ E r ç ß è p$Æ ç à�± v�Ö p Û5%�<>=5²�³ p�
 � s linearfit
Ü ÇQ¸ }&���o´�Û�% ' p�-cn ( @�At� p ´5��� -
Æ%. ç )fit

p v ¸ } à

4.2 Signal Confidence

���ÕlOfO����� çhè n ���! º ´/"%$
��m v u ¸ }� ��1Û10 p Û�<>=�²�³�  datapoint l�Û�%�<>=�²�³� &f

linear fit to off resonance points

the Enhancement of the Peak
2

the Enhancement of the Peak(2)
2

Fig. 4.2: SignalConfidence

1 3 (3.1) �/4658794;:<794>= «@?�A$� � Ñ@B ÏDCFE ®
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� � ã uyxÀ@�At� p �HG p�Iyn/scn ç u µ ��u�Û è n ��ß è Ü ¼ 8Õ} à � (4.2)  /Ð�Ñ
êX  � �
� ´�ÛÕ� (4.1)
 /Í è }e~&zV ���� ç l�ÛQß&  � �
�   P1  
B�CoÜ q çhè Û!JLKNMPOQO è�v ¸&s;n ç à <>=>  enhancementlRKNSUT
count

¹   2 % � 2000 ÿ��;��� ç ß è Ü E r çhè Û¿ß ë ��´ enhancel�B�C p�V z ë s ��ño� à �,uy�LÛ ú ´
ß ë ´1h�it 'W 
 oÕl Ø m n }h| p Û�fO�t ��Õm P2  
B�C�l5¡ n�s �,ñ ¸�sfn ç ½�¾&��� ç à Ô ß&�1Û data u
xt� ã Ü�C÷��X n/s ÛQ�fx p <�=>  ¹1º Ü�Yhð p�Z¿¸&s m s Ö } à ß ë l
� (4.2)  $«\[ ¹   � �
� ��� ç à <
=�²�³t  count Ü�]¶��� È1Éhs @�AOB�CwÜ�^�x��I}$����ÛÕß$ Vô�´ 114

p v ¸ } à <�=V²�³D #_V����´ 500 ÿ��
  enhancel�� ç  ��1Û P1  
B�C`JFKYÀPa�Ü · ë s z,Û1bca¢ô
T ë s��¶Ã Û signal  �d�ec´ v � ë } è � sf-cn,à
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Chapter 5

RESULTS

5.1 Fitting ResonanceCurve
\�] ñ��� 'g�hf�&<>=>  peak l qcr } è d�eÝ�LÛ¿ß&  ] �Õ´�Û��!houyxFi n }�<>=
j$�QÜ data

p
fit � s

HFS Ü�kÕ| ç à (3.2) × Ã Ûl0 p Û ú�p  &ühï��&.÷x ëwç count ��� ç � H ´

Fig. 5.1: Fitting � H to DataPoints

� H � �nm�o � å>p � ãrqns � ã (5.1)

è�t ¾ ç à ß& �� H Ü data
p

fit
Æ ç  ���� ç l�Û¿ß&  p   �
� � L�n è � s ´�Û
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u P1:HFS  1o
u P2: fO� � ã  ��wm
u P3: fO� � ã   offset

u P4: � å  $o
u P5: v���h�i�  Ø m��xw ã

  5
í Ü ÂÄÃ Û¿ß&  5 �
����Ï��y� H l�ýD� è�vwç bestfit Ü Ó�Æ/à datapoint  $#f´ 13 ��� ç  ��1Û d.o.f. ´ 8è�vwç à

1

� (5.1) ´�Û error
è � s @�AÕuyx ù ç zV �  Ö Ü · ë } data

p � H Ü fit �$};zV ���� ç à ß& 
���o´$Û
z#{

exp
� o À}| SPOP~P��J)S}| SPSPOPM�o����8�8�8| q�q Q6KNS HU�GHz� (5.2)

o z#{ theor
� À�| SPaQO À�� Q�KNS H �GHz� q

è��H���
( � ���  1o����H�'���	���!� ) �H���H� reasonable

�,���l� ���'� error �) 
¡!�,¢ �'£)¤1�
¥\¦ ��§�¨ ©�ª« �l���l��� 2 ¬H­¯® � systematic
�

error �f°\�	¢ � � £!¤±¥²¦ ¢,³����H´
µ�¶¸·/ %¡¯¹ � ���±º!� ®#» �#�
��¼�½�¾y���

5.2 PressureDependenceof PsHFS
¿%À#Á²Â ��� Ar 1 Ã1Ä ®#Å%Æ � HFS ¢!Ç�È�ÉlÊË· � �'�)Ì�Í�¢ ¬fÎ [1] ®#Å ���	�	Ï Â � Ã1Ä � HFS È�É

Fig. 5.2: PressureDependenceof HFSon theearlierpaper

1fit Ð PAW ÑÓÒ�Ô�Õ�Ö/×>ØÚÙ>Û�Ü�ÝFÞàßLá;â�Ùàã�ä,åçæ�åèÛLé#êÓä>Ü;ÝFÞ�ë fit ÑDÖ�×ÚÕ6ÛàìîíLïFðÚñàòFóDôLõLÙ�öî÷Úä�ø;óFÑ@ù�×�Ø>ú
2 û ã�Û>ü g-2 ý�þîÔ�Õ�Û'ÿ�����å6ø����FÔ	��
�ã��Dó�
��Fë�Û��'ê��îý��������LØ�ø�óÚÙ�ÿ�ó��6Ý�ýÚæL×�Ø����Dä��FÙ��� >Ù�ú ú ú"!Úä# ý S $�%�Ð'&)(���*�$�+�ó 3 ,�ë�Ð QED Ð�-��FÕ�Ô� �.�/"�1032546.�ë�Ô>Ø�ú
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Ê ·�798;:�¢#Ã1Ä ®=< � HFS ¢?>A@CB%�EDAF\¡��l���l���HG (5.2) �fº�¢;IAJ �H�LK �NMPOHQ ® �
R
SET

UVSET
UXW Y[Z[Z]\_^a`cb�d ¨ eQ©�f d ¨ R]gihkjlR dnmporqV` Torr of Ar

h
(5.3)

8�s%��� R atm ^at]urd Torr
¥²¦ ¢�vxw¯� d ¨ drdrd § j3R dpy [GHz] 8{z ¥)�H� �#���l|A} � ¢ HFS È;~=��� ­�® �	¢?v

wyÈ��¸µ��

5.3 The Final Value

systematicerror ®#» �#�l���C����7 study � � :ls ¥A� 7f�,�P��½±¢E� K � Microwave ¢ power ¢;�N��� �� K��%¥ s±�)¢ � � dominants error ���N� ¥¯¦ ¢�´)¢H8"s¯�î�C����Q ® ÁËÂ �6�N�±¢��N�±È��9:C� ®?�3� ´ �
�	�lf R d Gauss8
·��y��� ® W�� ¢;�9:HÈ ¥ Æ 7�´)¢lÈ�� datapoint ¢ errorbar ®"�L� ���!���y�	¢ data ®�� ·

Fig. 5.3: Fitting
W y to Datawith SystematicError

� W y È fit ·�7?IAJ��xG (5.3)
�H� ��� HFS ¢ � 8
·������=G (5.1) ¢
´)¢H8���83���� c·�¹{s K ���N�����9:

¹{s � ���l���x���9QCs�IAJ��
SET

exp ^¡` §�¨ dr¢r£¤¢ f d ¨ drdru © h6j�R d yp¥GHz¦ (5.4)

` SET theor ^ §�¨ d © ¢ § t j�R d y ¥GHz¦ h
` R ¨ g ª h

�H� ��� £!¤�� 8,¢,³���� R ¨ g ª�8�s � � Å K � £!¤ 8 consistents � �3§ ¦ �=798�¨ � ���
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Chapter 6

DISCUSSION

6.1 Causesof Differ ence

HFS ¢ � 8
·/�	� £!¤ ® �x©E c·,��´)¢C�l§ ¦ �H798���� � � R ¨ g ª98!�
µ'¢=�) %¡�s!³�� � ��s\�)¢ � �
�	¢3ª�« » �#��¬ ¤ È�·�� Å ¹>�ÁËÂ � Cavity ¢ls±�6­=® ��¯ �N�±¢'ÉlÊ\È��¯��� Cavity ¢x°?± ¥²¦F« �=7 TeslaMeter ¢ probe

� § ¦ �¯�
�N�±¢ � 8,¢ calibration

� � Cavity ¢x°�±l�N�yÈ�²x��� Cavity ¢;³N´�� Al
��µ�¶�· � Cu

�H�LK �x��� ¦ ¢;¸
�N¹H�;|x}º8E��8l�N�"»N¼ ¦ s±�3�'� Cavity ½=®H¢?¾_8�¿²ÈN83�H�3À�Á�Âf� Source¢?¾%¢�ÀAÁC� Fe

�H�¡K �±�
� ¦ ®=< � �l�xÃ�����µ�ÄH� ¦ �¯� ¥ �?¼ ¥\¦ s%�î�±��� ¦ �3ªA« � �3���H� ¬ � � �
�l�f´)¢ < K ´� %¡ ¥=�
7#�_8!�lµf�N8��;ÅAÆCÇ � ¦ �¯���� 7���È�É=�,¶As%�?7���� Microwave ¢ power �?Ê!Ê � sË¹����C���) 
¡1��83:!¢ count ��7 � 7 � ¶xs ¥=�
7#�¡8!��µf�N8!´�Ç � ¦ �¯���,�HËxÌ�Í1È � �EÎ K �x�#¢EÏ�Ð ®=< � ����� peak ¢;ÑAÒH�fº!������Ó ® Ï²��8
��Ô � s����

6.2 Impr ovementin the Futur e

peak � �a� � ¥²¦ ���xIAJ\ÈCÕ#¾ � � ¢ ¬fÎAÖx× È�Ø�Ù�¾y�lÚxÛx�EÜ ¥�� 7l¢ � �x�NÝ ® � � < µ6slÞ�ß
��à � �x· � � 7#�x�	¢EÝ � ��� ¿ ¼x�	¢ ¬fÎ È��¸µ{��á ® �NØ�ÙAâCã�s�ä±È�åaæ	� Å ¹��
ç Source

� ³#�PÈNÉxèxéyÈ�ê9æH�37N� ® � < K{ë ¹�¢ count È6Üx�3ÚCÛ �3ìîí�ïPð � � ���PñHÚCÛ�¢'ÉlÊ � ���º�
µ�·���´�òEóCôxõ�ö�O±¢;÷�ÊPBH��ß?ø ® s � � ¹��37C� �l� ����º�¢l7N�!¢ Ölù 8�·��#� Source¢3ú�éyÈ
êaæH���_8!�
µ'¢N�;�²´"ûAü=s±´)¢ �H� ��� ¿%À 8�ý�þ Setup

�H�=� ��´�� countrate ® � ��ÿ���� � �K � R d�� Ci ¹ ¦ � � � �EöR¹�ß�ø�s±���
ç PMT, CAMAC, Computer

� ��� � ¬H­�® Source¢3úCé¯È�ê�æ	�'� 93 	xé ®�
 °x·�7¯© d�� Ci ¢ Source 8�ý9þ,´#¢ � ¬fÎ ·�7E�Pál�¿
À ¢ electronics
� � deadtime �lß�øº8"s � �²¹#�;�,�lº�¢ ­ � ´î� À
� ¢ logic È����f¾y�!�N8 �1¥ sK���� ¾y���N8�� � :���� � 7#� ¿%À datataking ®���� ·�7 computer����� ¶ �C� 33MHz ¢ MS-DOS

machine
� �²´
µ�¶¸·��²� CPU È �_��� � ADC ����¢�� £ ÚxÛ%´�� ¦ ¾y�N8?� � :���� count È
 =Â1¾! × 8
·��	� PMT ¢#"%$yÈ
 =Â ·��%¡ ¦ ® pair È
&y���_8	�
µf�N8!´6Ç � ¦ �¯�E�'� computer¢�� £ Ú

Ûx�' � �	¢ � ��ß�ø��xý�þ �H� ���y¡ ¦ ® ¨ ��� � VME  ¯¢��²��(�)²È � �'� � �x�����C��8l��� �� ¾y�?ß�ø �H� ���
ç datapoint

Üx�3ÚxÛ � ÅAÆAs count �3§ ¦ �=7E��áa���²´ � 8 ë ¹�¢ datapoint
� ÉlÊ\È��¸µ+*�: �H� ��� ¿%À ¢;I

J�¢xËCÌ�Í)È � ��8��9��µ�·���´+,�-�.�/10±¢ point �)¶As�� < µ ®��a� ���±�#¢ sideband ���±�	¢ < µ
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s signal È �32�¬fÎ � ��,�4 ®
5 ð��H� K �²´
µ�¶¸· data � � � � � < K�ë ¹�¢��N8��3¨ �%2 �#³ �H�2 �y¡ ¦ ® �%6%$ À ¢ data
�

HFS ¢ � �=Õ�7H� � ��òlóCôAõl¢�8 ¦ » :�¢;�:9�´�Æ ¥ 2 �
ç MagneticField

¯ ����¢?ú�é ®<; ·>=N� ¿
À ¢l´,¢ � ßEøNs@?;�'�����%¢�A3ÈP�N��� dominant
�l� 2 ½±È"Ç �%2 8�� Shim

¢�Bx­yÈl´
µ�Ê�é%C%DR·>E ·+=	�NÊfÏxByÈ�9Eêy¡#7 2 ï�ð � � 2+F ¡ ¦ ® Ps ¢HG�I%/%0yÈ�wKJ ®?�P� ´K � Shim ¢�L�ML8l·+=HNPORQ±¢1S<M ®#» ?#=�´�TU*�=lÇ�V � ��G�I%/K0�° � ¢;���±¢6�N�¯È¡f R Gauss ¹¦ ? ® ¾ 2 ¢N�HWR·�¹{s:?P�#³ �H� 2+F� 7��=ß?ø=ä¡8�·+=�´î½X*�7P�,�	ÉlÊ9°!¢x°?±l�N�¯ÈEsH�A8 ¥ ·�=	É1Ê � :<V � ��¡ ¦ ® èxé%¢'Y3? ¬fÎ
� � : 2+F

ç Microwave

¿%À � Microwave ¢ power ÈHZ�[U\,¾ 2 ÿ Æ � ��]�^�QCsK_%`¡�;� � =a??s:? F power ÷fÊAB ®#» ?<=
´��lw�J ® �EÆ ¥�� =U??s@?)¢ � � power ¢ data È�b � =	��c�d�¹�¢?vxw ®�� ?�V � � < K wKJ�s � �3§¦ V 2+F

ç Cavity

� ³,� Cavity e<f±¢	Ã1Ä%glÊ�� Ö�h �_81?
µ'¢N� Å�i�j s
¢ � � pressuregauge È � ?<=	�lÃ1ÄyÈ�w�J ®
ÉlÊ1¾ 21k 8�� ïPð��H� 2+F � 7#� ¿ ¢ Cavity � gas ¢P7N��¢�l3�nm » · ¥ s¸¹Ó�Pñ�ÚxÛ ® ¼=7 � =�e<f
¢#Ã1ÄyÈ#o » òlóNôAõ
È
& 2 ¢N�<WR·'? F%p � ´ Cavity È
& � = ¥²¦ ÚxÛA�<q � 7 k 8 ®=< � =Rrts1=
? 2 ¢ � � Cavity ¢�u%v1&yÈ�Ç �%2 *=: �H��w µ F ´%·F��e<f±¢�Ã1ÄyÈ�w�J ® ÉlÊ � :'�Hº�V�È�ÊfÊ ® o»a< µ6s9ò3óCôAõ�� � :�V � � 2 � K OCê%¢#Ã1Ä � HFS È�ÉlÊ ·Ú�lÃ1Ä ®=<�2 >A@CByÈ;~H��7U? F

ç W Z

ê±¢�xAã¯È
y97'¾ Cavity È
& 2 8"s 2 8�� gasinlet �3ÂH� K 2 » OCê ï�ð ® s 2 �,� k ¢ ­ � ¿%À É!Ê �
:ls ¥�� 7 W Z ¢?½yÈ�Ç%zR·+= gassystem È
& K 7U? F Ar ° ® 5 % ¢ NO È#{Các·�7,Ã�O��_81?
µ'¢N�¬�| �'WR·�? �H�Xw µ��,�x���9QCs fit ¢P}�~�éyÈ
� ¦ ¾ k 8 ® �?��:lsK�X�A� � 2+F

k V ¦ öX=%È�Ø�Ù�¾ 2 ¢N�HWR·'?3�,� ¿ ¼ k ¢ ¬fÎ È�� Å µC8�¾ 2 (P2 ¢ ) ����� k µ�? � 7xß�ø=ä%È����
·+=CÂ � =1�R·'? F 1

1SSG ó�����Ù 7 ��Û TeslaMeter Ù 6 ��æ{ �ó;ë�Û������������ world record ø��îëLÐ;ä�Ô ?
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Appendix A

The Positronium Hyperfine Structure

Positronium � ¬
Â ÙfÃ ¬ Â »�Ä�Å�Æ�Ç 5 Û3� ¯ t »9È@Ü Î ë9� QED
5 � É 2 UtÜ Ï ��»qÊ 5 � QED «ÌË3²

³ Positronium » hyperfinestructure «fÍ�Î Ö Ü Ï�Þ�Ï * ¯ Ä&Å>Æ0Ç�� 2 Ð Â .9Ñ�Ò * ` ë9��Ó&Ô�Õ�ÖX¼ } ³të
ÜR» 5�×�Ø < 5 ���
É 5Xá �@ë Ï t � 5R¯@Î ¹
Ô
Õ�ÖX¼:« } ³të1Ü 2 Ð Â0Ù .9Ú | Ö1ù
Û � (

×�Ø�5 �&�:ë ) Ü
��Ý ¯ BetheSalpeterEquation «fF /�} ¯ t »&Ü ��Ý�« Positronium *fÞX¼ } ³&ß�à
á�â�ã
äæåX» �
ç�è »&éPÀê À 5 hyperfinestructure «�ë�¤�ì�G Ï

A.1 The BetheSalpeterEquation

1 Ð Â�Ù » ¹�Ø ¨9ä�� 4
� � spinoríïîñðóò 5 ü 2 U@Ü Ï íiîôðóòõ� Feynmanpropagator öø÷ùîñðûúýüþð ÿ ò «;Ë3²H³ è »

ì�G&*fPtÍXÜ Ï

íïîñðûú ò ����� ��� îñð ÿ òþö ÷�îñðûú üþð ÿ ò
	���
 � îñðóÿ òñíïîñðóÿ ò (A.1)

��� 5

ö ÷ùîñðûú ü ð ÿ ò ��� �����
î���� ò � /������ ú ��� ú ����� � !
"$#&%('()*%,+.- (A.2)

��� � 4
è�/ »1032�4:» 3

è�/15 ü76 5 Û3� ¯ 
 � � 5 ü76�*98;:��=< · Â Y 5 ÛXÜ Ï

�R»�Ý�«?> Ö *�� Gauss»�ã
:

@ �
� ð

A
A ð �

B � #&%C- � DE��� îñðóò B � îñðóòF
 � îñðóò (A.3)

*
B � îñðHG ò ��� ö ÷ îñð � ðHG ò
	 � íïîñðHGþò (A.4)

«JI�o Ö U)¢)ì1ë Ï

î � 	 �
AA ð �

�3�?K òñíïîñðóò � L (A.5)

î � 	 �
A
A ð �

�M� K òþö ÷ùîñð � ð G ò � N # � - îñð � ð G ò (A.6)



52 APPENDIX A. THE POSITRONIUM HYPERFINESTRUCTURE

» 2 Ý�«;ËAG1Ù AA ð G �
B � îôð G ò � � ö ÷ îôð � ð G ò
	 � íïîñð G ò � ö ÷ùîñð � ð G ò�	 � î �

AA ð G � íïîñð G ò ò�?K íïîñðHGþò
� O î �P� 	 �

A
A ð �

��� K òþö ÷ùîñð � ðHG ò�Q íïîñðRGþò
� �SN # � - îôð � ðHGþòñíïîñðHG ò (A.7)

ìK²H³

T ��� îñðEG ò � ö ÷ îñð � ðHGþò
	 � íïîñðHGþò

 � îñðHGþò � � @ �
� ðRG N # � - îñð � ðHG­òôíiîôðHGþò

� � íïîñðóò

íiîôðóò ����� T ��� îñðEGþòþö ÷ îñð � ðHGþò /
 îñðRG­òôíiîôðHGþò
U ® *0ì � (A.1) Ý . > 2 U0| Ï
è *;Ð ÂWV ÙÌÐ ÂWX » 2 Ð Â0Ù » ¹�ØZY ä�í�[C\ îñð ÿ üþð ú ò « § �%Ü Ï spinor ]�^�«�=@ÍR³�´õÇ'Ù

í # [C\ - �`_ îñð ÿ ü ð ú ò î
a ü �?�cbedfd(dhg ò 5 Û3� ¯ í�[C\ù� 8 i@»JjMk¶«ml�= 16
� � spinor

5 ÛXÜ Ï (A.1) Ù�»on�p�*0ì>� ¯

íP[f\ îñðHq ü ð � ò � ��� îñð ÿ ò ��� îñð ú òþö [C\ îñðHq ü ð �sr ð ÿ ü ð ú ò /
 îñð ÿ ò /
 îñð ú òñíP[C\ îñð ÿ ü ð ú ò (A.8)

Ù 2 Ð Â�¹�ØZY ä:» propagatorö [f\ îñð q üþð � r ð ÿ¶ü ð úýò «qã�t Ö Ü Ï ö [C\ � bvu�wMb�u â7x Ù�y�ziä:» � �a«{l ²'³të
³ ¯�� �a«KÛ3µ�¸ *OPnÇ'Ù

í # [f\ - ��_ îôð q üþð � ò � ��� îñð ÿ ò ��� îôð úýòþö # [f\ -�`_�|(} îñð q ü ð � r ð ÿ¶ü ð ú ò /
 |(|$~ îôð ÿ ò /
 }f}f~ îôð úLòñí # [C\ - | ~ } ~ îñðóÿ ü ð ú ò
5 ÛUÜ Ï 2 Ð Â . Ô
Õ�ÖX¼:« } ³të��:ë�Ù á�¯

í K[C\ îñðóÿ ü ð úýò � í [ îôð ÿ òñí \ îñðûúýò (A.9)

ö K[C\ îñð q üþð � r ð ÿ¶ü ð úýò � � ö [÷ îñð q üþð ÿ ò � ö \÷ îñð � üþð úýò (A.10)

5 ÛUÜ Ï ��UU« Feynman Diagram
5 ü Ö Ù?� (A.1)

5 ÛUÜ Ï 2 Ð Â . ¬�® Ô Õ�ÖX¼U« } ³Uë�Ü�Ù á » propagator
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Fig. A.1: free

ö [C\ ��Ô
Õ�ÖX¼:« ×
Ø Ù } ³3�JG1Ù?� (A.2) »�ì�G;� FeynmanDiagram
5 P3ÍXÜ Ï

Ý 5 PnÇ'Ù
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Fig. A.2: Propagatorwith interactions

�E�C�$�F�R�s���R�`���P�����E�s�P�����H�� �F�R�`�����C�
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(A.11)

£�£?¤¢¥ � ���� �
� � ��� � � ¥
photon ¦ propagator

¤;§©¨«ª � �� ��� �� ¥�¬1­¯®1­ � �� �(� ��c°�±�±³²{´7µ ¤;§ ²{¶
InteractionKernel · �C� �
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Fig. A.3: Kernel

ÕEÖC×$Ø
ÙHÚ�Û�ÙEÜ`Ý¸Ù�ÞvÛ�ÙEßsàPá1â�ÕHÖã Ø
ÙHä`Û�ÙPÞfàFâCÕH×ã Ø
ÙHÜ`Û�ÙEßsà
å æ Ü Ù ä æ Ü ÙHç æ Ü ÙRè æ Ü ÙHéfâ�ÕRÖã Ø
Ù Ú Û�Ù ä à
â�ÕR×ã Ø
Ù Ü Û�ÙRç�à

êMë ÖC×$Ø
ÙHä`Û�Ù ç Ý�Ù è Û�Ù é à
â�ÕRÖã Ø
Ù è Û�Ù�Þvà
â�ÕR×ã ØFÙ é Û�ÙEßsà (A.12)

ë ÖC×íì?î�ï=ð�ñ¢ò¯ó3ôZõ7öZ÷�ø3ù�ú7û³ü�ý�þ³ÿ�õ��=÷��
(A.11) ���

ë ÖC×� ØFÙRä`Û�Ù ç Ý�Ù è Û�Ù é à ácØ���â
	 Ö à��HÖ
 â�� 
��ã ØFÙRä`Û�Ù ç à�Ø��Pâ
	 × à��H×����� Ü�� Ø
ÙHä��3Ù è à ��� Ü�� Ø
Ù ç ��Ù é à (A.13)
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��� õ�� �Zò

interactionkernel !#"�$�% ÷��
2 & ü
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ü(' !*)�+ ÷#, -³õ

kernel
ø

2 . ü parts/10323465 ÷��87?ù ë ì9� �Âõ;öZ÷��(:�:�ù
2 . /103234;5 ò3:<�87>=��Âõ;öZ÷��(:�?��@�A ù�=��Zò

kernel
ü>B !DCë �;E % �ý(F�ü

kernel
ì1=��Zò

kernel
ü>GZõHE�I ÷�ü�õ�ùKJ

(A.3) L (A.12)
ì?þ³ü � ? /NMO2 ÷��

ÕEÖC×$Ø
ÙHÚsÛ�ÙEÜ�Ý�Ù�ÞvÛ�ÙEßsàPá�â�ÕHÖã Ø
ÙHÚ`Û�Ù�ÞCà
â�ÕR×ã Ø
ÙHÜ`Û�ÙRß�à
å æ Ü Ù ä æ Ü ÙHç æ Ü ÙHè æ Ü ÙHéfâ�Õ Öã ØFÙ Ú Û�Ù ä à
â�Õ ×ã Ø
Ù Ü Û�ÙEçsà

ê Cë ÖC×$ØFÙRä`Û�Ù ç Ý�Ù è Û�Ù é à�ÕRÖC×$Ø
Ù è Û�Ù é Ý�ÙPÞ�Û�ÙRß�à (A.14)
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Fig. A.4: IrreducibleKernel
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2 U�V�W�X ½3¾3YHZ [�\K]8^`_ ­ S�a

bdc�egfihkjmlnhporqts uwvpf�hdx�qyuwvpf�hkz�q�{
| c} f�h~jwlnhdx�q�{
| e} f�h~o�lnhpzrq /� f�htx�q /� f�hkzwqibdc�egf�h�x�lyhpz�q
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���· c�e f�h~��lnhp�r��hp�mlyhp�rqy| c�e f�h~�wlnhp�r��h x lnh z q /� f�h x q /� f�h z q�b c�e f�h x lnh z q (A.15)��� U�V Y W�� ½3¾�����S*�(� Ï ¿�� c�e�fihkjrlyhkowq ¹��3�>����� Ï � (A.1)

¿* ¢¡3Ò v*£<¤ ¿#¥§¦ Å©¨�ª ¿N�3�9«¬ S7¹
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{
| c} f�h x lnhp�rq�{
| e} fih o lyhk�wq

� �· c�e f�h � lnh � �®hpj�lyhporq�btc�egf�h~jwlnhpomq (A.16)
¯o­ ]

Bethe-Salpeter
Z [�\�����S�a

� c�e©° ��� U�V Y W�X ½3¾�±�Y �§²(³�´�µ�Y W�X ½3¾ ° (A.16)
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Bethe-Salpeter
Z [�\ °1¹»º ±§¸��H�½¼ ¯�¾ ]�����S�a

f�{
/
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/
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(A.18)

ÁOÊ A.16 PNËKÌ _ fi{ /¿ x À8Â c q�fi{ /¿ z À8Â e qÉÍ Ì�Î S ¾
f�{

/
¿ x�À§Â8c�q�fi{

/
¿ zÉÀ8Â8egq�btc�egf�h�x�lnhpzrq­s�{ u o h~jmu o h~o �Ï c�e f�h�x�lnhpzr�®hpjmlnhporq�btc�e�f�h~j�lnhporq (A.19)
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Bethe-Salpeter
Z [�\�����S�aÀ P*Ó�X§Ô�Õ�Ö ��Y Bethe-Salpeter

Z8[�\ Í �½¼×a bdc�e�f�h�x�lyhpzrqyl �Ï c�e fihtx�lyhkzw��hpjglnhporq Y Fourier Ø « Í9Ù ­�ÚM­
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(A.20)

�Ï c�e fiÜkx�lnÜ�zm��Ü�jmlnÜ�orqÄs ÝfßÞ�àdq � u o h�x�u o hkzmu o h~jwu o hkomá�â®Æäã�åÈæ çèå�éëã�ì�æ ç�ì�íÃãÈî�æ ç�î�íÃãÈï�æ ç�ï Ç �Ï c�e fihtx�lyhkzw��hpjmlnhpomq (A.21)
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/
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/
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A.2 The Bethe-Salpeter Equation for Positronium

Á�Â k u�Ã�Ä�þ
2 w�x þ.³�´�µ�¶3ö�Å \�] |dÆ a ü _~_�k w�x Ç ö electron

ü w�xÉÈ ö positron
��ú ] ü w

x ��Ê w�x þ.³�´�µ~¶ kpo � positronium
� ² | ] þ Bethe-Salpeterl*m~n (A.30)

ör�«Ë.���rq
electron1 w�x ö�Ìb�gÍ e ���«u (A.1)

kpo � ü«Î�Ï��
positron 1 w�x ö�Ìb�gÍ e ���«u

TD - � ! � � &  ^Ð � ! � � TD - � ! � � /Ñ � ! � ��Ò
-Ó � ! 	 ! � � (A.31)

kpo �rq~Á�ÂÔ���Õ°ºÎ�Ï��Nü
2 w�x a �gÖ~×pØ3öOú ] |�¥�|b��}>ü 2 w�xpÙ þ.Í e ���«u

D'ÚÛ7ÜN� ! � 	 ! � � � D Û � ! � � TD Ü � ! � � (A.32)

kpo � ü _~_�k�Ý u
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þ.Í e ����þgÞvß�àHá�â*ã*ä k�o � ü Ð u positron
þ�ã~ä kpo �rq

(A.31)
[�� �gÖ×pØ3öOú ] |��

2 w�xpÙ þ.Í e ���«u
D ÛWÜ � ! M 	 ! � � �  ^Ð � ! � �  ^Ð � ! � �CÒ Û7ÜWÛ7å � ! M 	 ! � V ! � 	 ! � � /Ñçæ@æ P � ! � � /Ñ å@å P � ! � �;D æ P å P � ! � 	 ! � � (A.33)

kpo �rq~ègé�¥
kernel

TU ö�Ø«| ] Ò Û7Ü æ å ö (A.14)
þ [ � ����}�Ì`ú ü

( ê Ã�ë3þ.ì~í apîgkpo � _ ��ï�ð«u.�°�Î«ñ�Ì n �.¥«�rq ) (A.33)
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� �zò �

Bethe-Salpeterl*m~n a�óÕ¹ô` �rq

D Û7Ü � ! � 	 ! � � �öõ ÛWÜ � ! � 	 ! � � �  � !NM  � ! �  � !N÷  � !Yø
ù &?Ò Ó Û7Û P � ! � 	 ! ÷ �;&?Ò Ó ÜWÜ P � ! ø 	 ! � � TU Û P Ü P æ P å P � ! ÷ 	 ! ø V ! M 	 ! � �;D æ P å P � ! M 	 ! � � (A.34)

_ þ l�m~n ö c�egfbh�i � �zò � n �r��}.�v��ü �p��úgû �ü�g� úgû öüý � �
((A.18)

u�ì~í a�þ ��¥«� _ �*�ÿ��
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A.3 The Bethe-Salpeter Equation In LowestOrder

Kernel
TU u��	��
Kþ

Feynmandiagrams
þ
� k�o ��Æ ¸ ü n (A.35)

u ¿~À �º¯±° _ �du k }�¥�|�q�� _�k TUþ�� e þ������Oþ�ë�� k�� � ] l��~n ö�¯±° q
TU þ������Oþ�ë«u��Oþ�� ² kpo �rq
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Fig. A.5: Interactionin thelowestorder
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_~_�k Á�Â�Î�Ï � 	��du �p�*úgû ü��g� úgû kpo �rq
� � � ��� � � 	 � � � � � � � � ��
� �

�
� � � � % � � � 	 � � �

�
� � � � � % � �� � (A.37)

c~egf��65 ö ��7 ú ]
(A.36)

ö���}.���~���
TU ÚÛ7Ü8�@å � ��	�� � V � � �

%'&?0 �
���7�'��� !2#Û��8!*'å@Ü$% Ó #(' � � % � � � �
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n (A.38)
ö n (A.35)
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A.4 The Nonretarded Limit
=

(A.39) > kernel
u���?A@CB�D
E�F6G6H�IKJ�D�u
L�MCNCO�JQP��;RSN

propagator
%UT �VKWYX[Z >A\�]�^6_�`�aKbc�d�IKJfe�I�g�hCi

%fT �VjW<X4kml1noZ p %:T �VKWrq9l1nsZ (A.40)t IKJUPuRAv�u�w�x�yCz > retardationb c6d�IKJ�R t D�O�{|JUPR > nonretardedlimit
N�=

(A.39) b
}�~ P�����D��*�k �*�k b��	� J t
( ��� N;�Q�K��{;����DC�*� l �2� u���v��6v

electron >���]���^�� � e positron >���]���^��� � D ��� JU���	NCO�JUP
)

( � �
) � � �k �� � �T*� TU� � �T3� T: �¡ � �k �� � �� �

�   � �� �
�  �¡ ¢ �&� W � Z

£ ¤¥¦¢ �&� W � Z (A.41)§C¨�© N�ªj«�J t
� � W � ¡¬ �­¯® l&°*Z � W ­ l,°*ZNCO�J > N�e�± � � k ² e�³ � � k b�´ ��µ�¶�= b
·¹¸�º I t e

¤¥ W � Z � �� ­¹  ± �¼»,½   ³ � ¡¾� � k �� ­|� ± �¯»,½   ³ � ¡¿  � k
� �� ­¹  ¤À � W ½ Z � � k �� ­�  ¤À � W ½ Z   � k (A.42)
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R�R�N ¤À � W ½ Z<l ¤À � W ½ Z u��6v��6v
electron

t
positron > free > Dirac Hamiltonian

NCO�JUP
¤À � W ½ Z � ± � »,½ � ³ � ¡¤À � W ½ Z �   ± � »Á½ � ³ � ¡

ÂuD
(A.39) >�Ã � b ªÄ«�JUP

(A.40) >�Å�Æjb�´ � t ÇÉÈ XËÊ T�ÌVKWrq9l1noZ ¢ �&� W � � X9Z >A\�]�^K> E�F bAÍ DS@��IKJ�R t�Î N ¸ JUP Ã � >A\�]�^ E�F b @��ÐÏ
Ñ �&� W ½ Z � Ç � k ¢ �&� W � k l ½ Z (A.43)

t e�Ò ]+Ó � >�Ô�ÕAÖ F >�× D _ J �6]���^�b Ñ W ½ Z tQØ6Ù IKJ t e
(A.39)

u Å6Æ|> = t Ïfµ+Â > ����D ·;� JQP
¤¥ W � Z ¢ �-� W � Z �

 oÚ,Û�Ü
��Ý

ÇÉÞ X
W ��Ý Z Þ �

�k � �T � �k � �Ì W<Ê T�ÌV�Wßq9l�noZ   Ê T�ÌVKW � l,°*Z�Z Ñ �&� W ½ � nsZ
£ à W ½ Z (A.44)á��â� � k E�F b @��ÐÏãe Ô	Õ�Ö F ½ >6× DC��J Ó D;Ï+���äP|� > {6åCD
e�æ \�]�^ e|ç \�]�^¹>���]���^è > projectionoperator bAé�ê�> ����D
ëCì�IKJUP

¤ísîï W ½ Z �¹ð W ½ Z*ñ ¤À î W ½ Z�
ð W ½ Z ò �¹ó l-ô (A.45)

R�R�N
ð W ½ Z � � ¡ Ü � ½ Ü NCO�JQP ¤À
Üî W ½ Z � ð

Ü W ½ Z �;õ ¤í îï u é�ê;>�a�öKb
÷ {�I�P
W ¤íøîï Z Ü � ¤íøîï l ¤íøîù ¤íøî ú � q l ¤ísîù � ¤ísî ú �|û î (A.46)

¤À î W ½ Z ¤í îï W ½ Z � ¤í îï W ½ Z ¤À îü ½ Z � ñ ð W ½ Z ¤í îï W ½ Z (A.47)

R > 2
=���õ¦e�=

(A.44) > ���KD ¤í �ï W ½ Z ¤í �ï ( ñ >Aý�þ h�ÿ�u
4 � õ >�� v�N;������P

) b yCz��SÿâJ t
¤í �ï W ½ Z ¤í �ï ¤¥ W � Z ¢ �-� W � Z � ¤í �ï W ½ Z �� ­�  ¤À � W ½ Z � � k ¤í �ï �� ­�  ¤À � W ½ Z   � k ¢ �-� W � Z

� �� ­��
ð W ½ Z � � k �� ­��

ð W ½ Z   � k ¤í �ï W ½ Z ¤í �ï W ½ Z ¢ �&� W � Z
£ �� ­��

ð W ½ Z � � k �� ­��
ð W ½ Z   � k ¢ ï ï W � Z (A.48)

���Aµ
(A.44)

u

�� ­��
ð W ½ Z � � k �� ­��

ð W ½ Z   � k ¢ ï ï W � Z � ¤í �ï W ½ Z ¤í �ï W ½ Z à W ½ Z (A.49)

t g�JUP Ñ �&� W ½ Z t
	 ~���
 D
e ¢ ï ï W � Z b � k E�F Ï
{ ��^Kb Ñ ï ï W ½ Z tUØ�Ù IKJUP
(A.49)

�;õ
Ñ ï ï W ½ Z � Ç � k ¢ ï ï W � Z

� Ç � k ��Ü ­�� ð W ½ Z � � k�� ��Ü ­�� ð W ½ Z   � k ¤í �ï W ½ Z ¤í �ï W ½ Z à W ½ Z
R�R�N ��> ����D

pole b � � JUE�F���� b
� J � Î���� NCO�J Î e������ b! #" {�åCD
Feynmanpropagator>E�F�$

S
��� > G�H	N&% b % ��Ú(' e � b �  �Ú)' t
*,+ ÏUµ

pole b � � J t �	�.-�/#0#1 b�2 ÏUµ���{ > t ��
D
e
ð W ½ Z p ð W ½ Z  �Ú(' t \�]�^Kb ç >�3�^5476 D *,+ ÏUµ�E�F�IKJ t �	�.-�/#0#1 b�2 I�P

Ñ ï ï W ½ Z � Ç � k ��Ü ­�� ð W ½ Z � � k ñ Ú)' � ��Ü ­�� ð W ½ Z   � k ñ Ú)' à ï ï W ½ Z
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R�R�N
à ï ï W ½ Z £ ¤í �ï W ½ Z ¤í �ï W ½ Z à W ½ Z

NCO�JUP�8 ^ Ø�9 b�´ ��µ�E�F b @���IKJ t
Ñ ù ù W ½ Z �   ��Ý Ú

­;  �
ð W ½ Z à ù ù W ½ Z (A.50a)

Ñ ú ú W ½ Z �
��Ý Ú

­¹� �
ð W ½ Z à ú ú W ½ Z (A.50b)

Ñ ù ú W ½ Z � Ñ ú ù W ½ Z � q (A.50c)

4�: =«u
W ­¹  �

ð W ½ Z1Z Ñ ù ù W ½ Z � W ­�� �
ð W ½ Z1Z Ñ ú ú W ½ Z �   ��Ý Ú W à ù ù W ½ Z   à ú ú W ½ Z�Z (A.51)

t g�JUP
(A.46)

e
(A.47) b�´ � t

  �
ð
Ñ ù ù � �

ð
Ñ ú ú � W   ð ¤í �ù ¤í �ù   ¤í �ù ð ¤í �ù �

ð ¤í � ú ¤í � ú � ¤í � ú
ð ¤í � ú Z Ñ

� W ¤í �ù ¤í �ù � ¤í � ú ¤í � ú Z�W   ¤À �   ¤À � Z Ñ
� W �   ¤í �ù ¤í � ú   ¤í � ú ¤í �ùäZ�W   ¤À �   ¤À � Z Ñ
� W   ¤À �   ¤À � Z Ñ

���Aµ ¤í W ½ Z £ ¤í ù ù W ½ Z   ¤í ú ú W ½ Z t · ~ t e
(A.51) >�Ã ��u   ��Ý Ú ¤í W ½ Z à W ½ Z D�g�õ¦e

nonretardedlimit
N >

Bethe-Salpeter4�: = Î�;<+ v�JUP
W ­;  ¤À � W ½ Z   ¤À � W ½ Z�Z Ñ W ½ Z �   ��Ý Ú ¤í W ½ Z à W ½ Z (A.52)

1 =�];>?>�@ Â >?A�B N >�Å�Æ Nju à W ½ Z u (A.44)
N Ø�Ù ��vC{�� >�b�´ �äPR�R�N ¤í W ½ Z p û t ÏUµCç�C�D�E7FHG }Kb c�d|N ¸ J tJICØ IjJUP�I�J t

(A.52)
D

(A.44) bLK ì Ïãe B {Ñ W ½ Z b Fourier M#N ÏUµ�O�P Ô	Õ�>���]���^ Ñ WRQ Z D ·¹¸!N «�J t
Ç4Þ �W ��Ý Z Þ Û

úTS ½VU Q W ­�  ¤À � W ½ Z   ¤À � W ½ Z�Z Ñ W ½ Z
�   Û Ü Ç4Þ �W ��Ý Z Þ Û

úTS ½VU Q ÇÉÞ X
W ��Ý Z Þ �

�k � �T � �k � �Ì W<Ê T8ÌVjWrq9l1noZ   Ê T8ÌVKW � l&° Z�Z Ñ W ½ � nsZ

W ­�  ¤À � W ÚXW Z   ¤À � W Ú(W Z�Z Ñ WYQ Z �   Û Ü ÇÉÞ X
W ��Ý Z Þ Û

S n U Q � �k � �T � �k � �Ì W<Ê T�ÌV Wrq9l1noZ   Ê T8ÌV W � l,°*Z�Z Ñ WRQ Z
£ W[Z � WRQ Z � Z Ü WRQ Z1Z Ñ WRQ Z (A.53)

t g|JUP�R > =«u
w�x�y�z >?\�]�^�_7`#a�b E Î Z � WRQ Z � Z Ü WRQ Z NCO�J
Dirac 4�: = t �dcfe NCOCJUP Z � WRQ Z u

Coulomb
w�x�y�z�e Z Ü WRQ Z u Virtualannihilation

DC��J ^�_5`#a�b E�NCO�JUP
é�ê Nju

Feynmangauge
N Z � WRQ Z b G6H�IKJUP Z Ü WRQ Z uAL�M	g > N >#g D
hH� >6×�b
·�~ P

FeynmangaugeNju

Ê SjiV Wrn¦Z �   �X Ü
X S X ik n k Ü  Hl Smi

p �k n k Ü
X S X ik n k Ü  7l Smi

(A.54a)

Ê kÁkV Wrn¦Z � � �k n k Ü (A.54b)

Ê k SV Wrn¦Z � Ê S kV WßnsZ � q (A.54c)
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g > N
(A.53)

D K ì�IKJ t
Z � WYQ Z �   Û Ü ÇÉÞ X

W ��Ý Z Þ Û S nnQ �k n k Ü
± �¼» n ± �o» nk n k Ü   ± �ä» ± � � �k n k Ü

E�F b @���I�J t e ÇÉÞ X
W ��Ý Z Þ

Û S n U Qk n k Ü � �o Ýqp �;õ Z � WRQ Z >Lr�s#A t r�t#A u�� ~vu + v�{
Coulomb ^�_5`#a�b E

b�w «�JUP r#x�A¹> E�F�u W n �k n k Ü �   � nk n k È tJy F6E�F b�´ � t
ÇÉÞ X
W ��Ý Z Þ Û S nnQ ± � » n ± � » nk n k È �   Ú WYz » W Q Z

ÇÉÞ X
W ��Ý Z Þ Û S n U Q { » nk n k È

�   Ú
� WRz » W Q Z

ÇÉÞ X
W ��Ý Z Þ W { » W n Û S n U Q Z �k n k Ü

� �� WYz » W Q Z�W { » Q Z �o Ý|p
� �o Ý ��}p z » {   WRz » Q Z�W { » Q Z

Q Ü (A.55)

���Aµ \#]�^�_�`#a�b E Z � WYQ Z u
Z � WRQ Z �   ÛÁÜ

o Ý ��~p ± � » ± �   W ± � » Q Z1W ± � » Q Zp Ü   ± � » ± �p � �p
�   ÛÁÜ

o Ý �p   ��~p ± �¼» ± � � W ± � » Q Z1W ± � » Q Zp Ü (A.56)

NCO�JUPjRAv�u
Breit interaction

t!��� v�µ���JUP

A.5 Nonrelativistic Reductionof the Two-BodyEquation Applied to Positro-
nium

��� N7��Ï
{ ^�_�`#a�b E AKb�´ ��µ
Dirac 4�: =

(A.53) b
} ��µ
hyperfinestructure b G�H Ï+���äP

�7� 1 w5� 4 Ö F
Dirac 4#: =�u?��w�����������N

2 Ö F > Pauli 4#: =jD�gâJ
P
Pauli 4�: =jD�u

Foldy
Wouthuysentechnique bA´ ��µ5������ÿâJ�R t�Î N ¸ JSPuR >�4�� u Hamiltonian � +

oddoperator� b�� ~
unitary M�N ¤Z V b yCz���ÿâJ 4�� NCO�JUPjR�R�N

oddoperator� u
Dirac spinor ��> 2 "	> 2 Ö F

spinor >�ÖF b h���� � J
operator

NCOjõse#�L$j�6g � NCO�JUP|�6v;DJ�ÐÏ
evenoperator� u 2 Ö F

spinor
D��ÐÏUµ����g

operator
NCOjõoe
³H$ û g � NCO�JfP

Hamiltonian
Î

evenoperator>6× N ·	� v�µ��6J t
2 "	> 2 Ö F

spinoru
Hamiltonian

DC����µ B5� + g�� > N
Dirac 4�: =«u��6v��6v��#�	g

2 Ö F
Pauli 4�: =KD�g�JUP� t > Hamiltonian

Î
À � ³ ¡¾� � � � (A.57)

>?e N ·|� v�µ���J t ¸ e
Foldy

t
Wouthuysen

DC��J t
unitary M#N IKJ t

�À � ¤Z ú �V À ¤Z V
� ³ ¡ � � � ³

� ¡�� Ü � �� ¡ Ü���� � l �n� l �f�  
³
� ¡�Þ � Þ �5¡¢¡X¡

(A.58)

t g�JUPRAv t �dc.4�� Î
2 £ �?� D�� ´ «�JQP

16 Ö F >���]���^|>�4�: =
(A.53) b ��w��������5� b t õse�¤�¥ �> 4 Ö F >�4�: =KD������SÿâJUP �¹>?¦ � t ��
 D ��]���^¹> ¥ ��>�Ö F t

4 Ö F
spinor ��>�Ö F b h���� �J

operator b oddoperator
tUØ�Ù Ïãe

oddoperator b��Ä~ unitary M#N ¤Z � Ü b yCz��SÿâJUP
x�§ D

2 £ ��� > Hamiltonian ¨ Â�= > ����D ·u� JUP
À � Ü � ³ ü �ª© ¡ � � ³ ü Ü © ¡ Ü � W � � Z � W �«� Z � W �¬� Z � W �­� Z (A.59)
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R�R�NK³ ü �ª© l ³ ü Ü © ¨ �)® � �)®
���	N�e�Â > ����D Ø�Ù ��v�JUP

³ ü �R© £ ³�¯ û (A.60)³ ü Ü © £ û ¯+³
(A.61)

Chraplivy
DC��J t e

unitary M#N DC����µ
Hamiltonian ¨�é�ê;> ����D�g�JUP

�À � Ü £ ¤Z ú �� Ü À � Ü ¤Z � Ü
� ³ ü �ª© ¡ � � ³ ü Ü © ¡ Ü � W �n� Z �

³ ü �ª©
� ¡ � W �°� Z Ü � ³ ü Ü ©

� ¡ Ü W �«� Z Ü   ³ ü �R©
� ¡ Þ � W �°� Z È   ³ ü Ü ©

� ¡ ÞÜ W �«� Z È
� �� ¡�Ü � �m� W �¬� Z<l4W � � Z � ú lÉW �¬� Z � ú � �� ¡�ÜÜ ��� W �±� Z<lÉW �n� Z � ú lÉW �±� Z � ú
� ³ ü �R© ³ ü Ü ©
o ¡ � ¡ Ü �²� W �¬� Z<l4W �J� Z � ù l4W �«� Z � ù � ³ ü �R© � ³ ü Ü ©

o W ¡ � ��¡ Ü Z W �J� Z Ü �5¡¢¡X¡
(A.62)

�À � Ü ¨ 16 Ö F ��]���^ D
yCz�IKJ Î e#¤�¥ �¹>�Ö F >6×�> 4 "	> 4 Ö F 4�: =KDAF } IKJ�R t�Î N ¸ JUP
é ¶ >�4��Kb Positronium

D�³Cz�IKJUP
(A.53)

DL´���µ
Breit interactionZ � >6×�b ªj«�J t

À ü �ª© � ± ü �R© »,½ � ³ ü �R© ¡ �À ü Ü © �   ± ü Ü © »,½ � ³ ü Ü © ¡ Ü
�;õ

(A.53) b explicit
D ·�~ t é�ê;> ����D�g�JUP

À�µ WYQ Z
� ± ü �ª© »,½   ± ü Ü © »,½ � ³ ü �R© ¡ � � ³ ü Ü © ¡ Ü � Û � Û Üp û   ± ü �ª© » ± ü Ü ©

�   W ± ü �R© » Q Z�W ± ü Ü © » Q Z�~p Ü µ W p Z
� ­­µ WYQ Z (A.63)

Positronium >�¶�þ e ¡ � � ¡ Ü � ¡ l Û � �   Û Ü � Û N�OCJfP
Hamiltonian �6> operatorb even

t
odd

D
F � J t e
W � � Z �   ÛÁÜ

p û
W �±� Z �   ± ü Ü © »,½
W �¬� Z � � ± ü �ª© »,½
W �­� Z � � Û�Ü

�}p ± ü �ª© » ± ü Ü ©   W ± ü �R© » Q Z1W ± ü Ü © » Q Zp Ü
NCO�JUPuRAvu�;õä=

(A.62)
D��+µ ~ J AKb G�H�IKJ t

W �¬� Z Ü � W �±� Z Ü � ½ Ü (A.64)

W �¬� Z È � W �±� Z È � ½ È (A.65)

�²� W �¬� Z<l4W � � Z � ú l4W �¬� Z � ú � �m� W �«� Z<lÉW �n� Z � ú l4W �«� Z � ú � Û Ü W ± ü �ª© � ± ü Ü © Z » W Qp Þ � ½ Z � o Ý l Þ WRQ Z (A.66)

�m� W �¬� Z<l4W � � Z � ù lÉW �¬� Z � ù �   � Û Ü � Üp � Q Qp Þ »,½ ½   W ± ü �R© � ± ü Ü © Z Qp Þ � ½
 �Û Ü ± ü �ª© » ± ü Ü ©

p Þ  ¸· W ± ü �R© » Q Z�W ± ü Ü © » Q Zpº¹   ��Ý
·
l Þ WRQ Z (A.67)

W �J� Z Ü � · Û È�~p Ü   � ± ü �ª© » ± ü Ü © � W ± ü �ª© » Q Z1W ± ü Ü © » Q Zp Ü (A.68)

RAv + >�»Kb (A.62)
D K ìÄÏãe�³ ü �R© l ³ ü Ü © p û t IKJ t

2 Ö F
Pauli spinor 4�: = Î�;¼+ v�JUP

À P�(½}¾ S� Ü � � Ü WRQ Z � ­ � � Ü WRQ Z (A.69)
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R�R�N
À P�(½}¾ S� Ü £ À k ��À � ��À Ü ��À Þ ��À È (A.70)

NCOjõ¦e
À k �   Û Ü

p � ½ Ü¡
À � �   �o ¡�Þ ½ È
À Ü �   ÛÁÜ

� ¡�Þ ½ Üp � Q Qp Þ »,½ ½ � Û�Ü
¡ Ü Ý l Þ WRQ Z

À Þ � · ÛÁÜo ¡ Ü Qp Þ � ½ W ± ü �ª© » ± ü Ü © Z
À È �   ÛÁÜ

o ¡ Ü ¿
ü �R© » ¿

ü Ü ©
p Þ  �· W ¿

ü �ª© » Q Z�W ¿
ü Ü © » Q Zp ¹   ��Ý

· W ¿
ü �ª© » ¿ Z l Þ WYQ Z

À � e�Á�À �¹> VirtualAnnihilationTerm Z Ü WRQ Z b ì�v�µ�G�H�IKJ t
Pauli 4�: = >�Ã �KD =�]�A À ¹ Î�Â h õoe

À ¹ �
Ý �
� ¡ Ü W · �

¿
ü �ª© » ¿

ü Ü © Z l Þ WYQ Z
NCO�JUPÀ S W Ú � � ¡X¡¢¡ÄÃ Z ¨ À k � + > C7D�EHFHG�Å \#»¹> * vÇÆ ­ b�È I =�]�A NCOjõ¦e

p-Ps
DL´ � J * v�Æ ­±É ¨

Æ ­±É � Ê À � ��À Ü ��À Þ ��À È �	À ¹ÌË É
�   �

® o
¡ �[È � q � q   �o ¡ �$È � q (A.71)

o-Ps
DL´ � J * v�Æ ­±Í ¨

Æ ­±Í � Ê À � ��À Ü �	À Þ �CÀ È �	À ¹ÌË Í
�   �

® o
¡ �[È � q � q � �

� �
¡ �$È � �o ¡ �[È (A.72)

���AµKRAvu�;õ
p-Ps

t
o-Ps > C7D�EHFHG�Å \#»¹>�Î e

hyperfinestructure
ÆLÏ Î � W � È Z N�Ð|å + v+e

ÆLÏ � Æ ­ Í   Æ ­ É
� �o ¡ �$È Ñ

· (A.73)

t g�JUP
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Appendix B

The SelectionRulesfor Positronium

spin
�Ü > fermion >?¶Ð� WmÒ¯Z $ gauge¶ÔÓ T WjÒ¯Z ¨ Lorentz Õ¹>?È#Ö D�g;��µ���J t ��× DAe��#Ø�Ù�g M#N NO�J

Parity M#NÛÚ e
Chargeconjugation Ü e

Time reversal Ý >?È#Ö N;�+O;JUP|�âÏUµ
QED > Lagrangian̈ÞÚ e

Ü e Ý �+v	�6v >LM#N D��ÐÏUµ�ß M N|O�JUP�I�g�hCi Ú e Ü e Ý > Å \#»d¨? �` ��v+ejR >� �`�à�� + � B5�B gLá#â à Î ë � v�JfP¹R >?ã N ¨<Ü� �`	� +fä @�å > triplet-positronium
Î · ��D
æ�ç Ïãe

singlet-positroniumÎ � ��D
æ�ç�IKJ t �	�èá#â àub ëjRC� P

B.1 ChargeConjugation Operator : é

ChargeconjugationÜê¨ Â�ë|����D Ø�Ù ��v�JUP
1

Ü¸ìÓ WjÒ¯Z Ü°í �   ìÓ WjÒ¯Z l Ü�ìî WmÒ¯Z Ü°í¹�   ìî WmÒ¯Z (B.1)

Üs� WjÒ¯Z Ü í � ïñð<� ð WjÒ¯Z£ ïñð � Ü � í WmÒ¯Z (B.2)
R�R
N ï ð ¨ constantphasefactor

N�e k ï ð k � �
NCOCJUP Ø�Ù

(B.1)(B.2) b Fourier ò�ó I�J t e � l ìÓ ë Fourier ÖFCNCO�J
fermion

e
photon

ë
creation,annihilationoperatoró í ôõ÷ö ø l-ô í ôõ÷ö ø l � í ôõùö ø ë Ü ë È#Ö Î ÐCå + vdúUP

Ü¦� WmÒ¯Z Ü í � ôõ÷ö ø �û ü W Ü ó ôõùö ø Ü íþý ôõ÷ö ø Û
S ôõ U ôÿ � Ü ô í ôõ}ö ø}Ü í�� ôõ÷ö ø Û

ú S ôõ U ôÿ Z (B.3)

� ð WjÒ Z � � Ü � í WmÒ¯Z
� ôõ÷ö ø �û ü � ó í ôõùö ø � Ü ý � ôõ÷ö ø Û

ú S ôõ U ôÿ � ô ôõ÷ö ø � Ü � �ôõ ö ø Û
S ôõ U ôÿ �

R�R�N�e�� ý l � b
� ôõ÷ö ø � � Ü ý � ôõ÷ö ø l ý ôõ÷ö ø � � Ü � �ôõ÷ö ø

tUØ�Ù Ïfµ���ú�ë�N
� ð WjÒ¯Z � ôõ÷ö ø �û ü W<ô ôõ÷ö ø ý ôõ÷ö ø Û

S ôõ U ôÿ � ó í ôõ÷ö ø � ôõ ö ø Û
úTS ôõ U ôÿ Z (B.4)

(B.3)
t

(B.4) b���� ú t
1convention 	 T.D.Lee“ParticlePhysicsandIntroduction to Field Theory” 
���
���� QED ���������������! #"$	 Coulombgauge %�&�')(*�+�! )"$&-,/.10324�
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Üãó ôõ÷ö ø Ü í � ï ð ô ôõ÷ö ø (B.5a)

Ü ô í ôõ÷ö ø~Ü í � ï ð,ó í ôõ÷ö ø (B.5b)

(B.5b)
ë

hermitianconjugateb t ú t
Üãó í ôõ}ö ø~Ü í � ï �ð ô í ôõ÷ö ø (B.5c)

5 g�hCi
ChargeconjugationoperatorÜÞ¨ ¥ �Kb76 ¥ �98!M#N 5 ú operator

NCO5úUP ìÓ � ��
98 Fourier ò�ó 5ú t
photon

ë
creationoperator

� í ôõ÷ö ø ë Ü�M#N Î Ð|å + vdúUP
Ü � í ôõ÷ö øXÜ í �   � í ôõ}ö ø (B.6)

B.2 The Selection Rules

(B.6)
�;õse

Ü � í � � íÜ »-» » � í î k q Ë � W   � Z î
� í � � íÜ »-» » � í î k q Ë (B.7)���Aµ ò :dë photon

Î O�ú1;�<�ë Ü Å \#»d¨ W   � Z î
NCO�úUPÜ É ù �>=@? ;�<�ë

positronium
ë Ü Å \�»d¨ W   � ZBA

ù É NCO5ú�R t bAé�ê NDCC�u� P Ü É ù �>=@? ;�<�ë
positronium¨ Â�ë|��� 8
·u� úfP

k Ü É ù � =E? Ë � F ö GIH(ö GKJ H
Ç Þ �ML A)N W ¤� Z ¢ F WPORQmlSO)TQ Z Ü N

F W � Z ó í ôõ÷ö G H ô í ú ôõ÷ö G J H k q Ë (B.8)

R�R�N Ü N
F W � Z ¨ Clebsch-Gordon U	^ Ê = lWV k ¡ Ë 8 Ò ]�Ó ë ]YX y[Z 8
_	` 5 ú �+^Kb6�|� {¹��ë�N�O õ¦e¢ F W\O Q lWO TQ Z ¨D]_^�`���^ N�e O Q lSO TQ ¨ ��v��6v

electron,positron
ë ]`^?` ëba Ö Z NCOHúUP ¢ F WPO Q lSO TQ Z ¨ ¡ � �

(triplet)
ë t ¸ 2

¥ �98L" ��µ��Yc�e ¡ � q (singlet)
ë t ¸ 2

¥ �98L" ��µ 6 �Yc	g7ë�N
¢ F W\O#Q8lWO)TQ Z � W   � Z

É ù � ¢ F WPORTQ lSO)Q8Z (B.9)

B {
L A)N W   ¤� Z � W ò2ò   � Z A L A)N W ¤� Z (B.10)

Ü ó í ôõ÷ö GdH ô í ú ôõ÷ö G J H k q Ë � Ü ó í ôõ÷ö GIH¢Ü í Ü ô í ú ôõ÷ö G J H Ü í k q Ë
� ô í ôõ÷ö G H ó í ú ôõ÷ö G J H k q Ë
�   ó í ú ôõ÷ö G J H ô í ôõ÷ö GdH k q Ë (B.11)

���Aµe;�< k Ü É ù �f=@? Ë 8&ÜÐb yCz��Sÿ	µ
(B.9)(B.10)(B.11) b�´ � t

Ü k Ü É ù � =@? Ë � F ö GIHùö GIJH
Ç Þ �ML A#N W ¤� Z ¢ F W\O#Q8lWO)TQ Z Ü N

F W � Z Ü ó í ôõ÷ö GIH ô í ú ôõºö G J H k q Ë

�   F ö GIHùö GKJ H
Ç Þ �ML A)N W ¤� Z ¢ F WPORQmlSO)TQ Z Ü N

F W � Z ó í ú ôõ÷ö G J H ô í ôõ÷ö GIH k q Ë

�   F ö GIHùö G J H
Ç Þ �ML A)N W   ¤� Z ¢ F WPO#TQ lSO)Q8Z Ü N

F W � Z ó í ôõ÷ö G H ô í ú ôõ÷ö G J H k q Ë

�   F ö GIHùö G J H
Ç Þ � W   � Z A L A)N W ¤� Z�W   � Z

É ù � ¢ F WPORQmlSO)TQ Z Ü N
F W � Z ó í ôõ ö G H ô í ú ôõ÷ö G J H k q Ë

� W   � Z A
ù É k Ü É ù � =@? Ë (B.12)
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é ¶ 8 �	õ Ü É ù �g= ? ;�<�ë
positronium

ë Ü Å \#»d¨ W   � ZBA
ù É NCOHúUP���Aµ

triplet
Þ�h � ;�< ¨<ÜK�   �

e
singlet

� h k ;�< ¨ÇÜK� � �
NCO�ú�ë�N�e Ü� �`	� + �+v��6v · � e � � 8 æ�ç5 ú t ��� á#â à Î�;¼+ vdúUP
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Appendix C

An Approximation

iYj�ë!��k
[1] l7¨ e

(1.85) � + e�� + 8nmpoqm � o Ò � l m Ü o r Ò� t Å�Æ ÏUµ���ú1sbtAvu�;õ
� ù o � � � r Ò Üo ð k� o � � � � r Ò Üo ð k
� o �

� �9uWvÈ
Ò ð k�

w �w k (C.1)

ð T o ð
  Ò Üo ð kt gdú�ë l e Ú Í ¨

Ú Í �
� k W � � � �yx u vÈ ð k ZW ð

  u vÈ ð k3Z Ü
� W � � � � x u vÈ ð k(Z Ü W �

�{z Z z L (C.2)

z �
k m k Ü � Üo � ù � � o W u vÈ Z Ü

� � uWvÈ ð
Üko � � W � � � x uSvÈ ð k Z

w �w k
L �

k m k Ü
� � k m k Ü W � � �

� � � �� ù � ù Z o
u vÈ

� � u vÈ � � � � � � �� � � x u vÈ ð k
� ù

� + 8 e

ð
  Ò Üo ð k � ð

  | T~} ®
��

Ü w Ük
ð k

� | T~} ®
��

Ü
�
ð k

��| T } ®
Ü
ð k ð

 �w Ük (C.3)

l�� ú � +

Ú Í �
��| T } ®

È
ð
Ük � k � � � � r Ò Üo ð k

��| T } ®
Ü
ð k ð

 �w Ük
Ü � ��| T } ®

È
ð
Ük � � � � r Ò Üo ð k

Ü��
� �{z Z

(C.4)

t gdú1s
B t å�ú t

Ú Í �
w È� w Ük  nw Ük ÿ Z Ü � à È � � �{z Z z L
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z �
� u vÈ Z Ü
� � u vÈ ð

Üko � � � � � � x u vÈ ð k Z
w �w k

L �
u vÈ

� � u vÈ � � � � � � �� � � x u vÈ ð k
� ù

w � ��| T } ®
û
ð k��

� k � � � � r Ò Üo ð k (C.5)

w k � ��| T } ®
û
ð k ð

à � ��| T } ® ð k
� � � � r Ò Üo ð k

t g õ¦ebt�ë�����ë�� Î e�� ¶Kbp�Y��8
� ��{
Lorentzian 8��y� $ 5 � Î�� t�ë × ë��[�{� ¶d¨ � (C.5) � õ

w�� ÿ�� ��| T }E�
û
ð
�
ð� Ã Ñ Ã Ñ ¡ � �Gauss� (C.6)

l�� õ �
(1.87) ���e� õ��9��� »98�� �� b¡ B_¢ sqiYj�ë�£�å_¤ � t�ë�¥Y¦ ��§D¨�¢1© �7  HyperfineStructureª7«­¬ � ��®7¯n°YlY� ú1s




