
� ��� ��� � � �
	 � � 
 � � � � � � � �
	 � � ��� � � � � �
� � � �  ! "
# $ % & ' ( � ) * � �,+,- � . /

(Development of Event Reconstruction Softwares for the

Telescope Array Fluorescence Detectors and Search for

Extremely High Energy Neutrinos)

021436587
9;:=<;>@?
A
BDCFE



G H

I
1 J KML 1

I
2 J NPOMQSRSTVUXWZY\[^] 3

2.1 _\`ba . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.1.1 _\`badcfeXgXhdifj\kmlonqprh . . . . . . . . . . . . . . . . . . . . . 3

2.1.2 _\`badcts\u^vVw . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.2 xzySeZgShdifj^_\`ba . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2.1 GZK {�|}p�~�� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2.2 AGASA �z�X���M� . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2.3 �^�M���^h . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.3 �Z���\�\��j���_\`baZ�P� . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.3.1 �Z���\�\��jS�S� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.3.2 �Z���\�\��jPc������t�P� . . . . . . . . . . . . . . . . . . . . . . . . 15

2.3.3 �Z���\�\��jPc��\���� b¡ . . . . . . . . . . . . . . . . . . . . . . . . 17

2.3.4 �Z���\�\��jPct�M�X�\¢ . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.3.5 £X�¥¤b¦�c��P§S¨�©ª��«\¬®­r¯f° . . . . . . . . . . . . . . . . . . . . 20

2.3.6 �M�X±Z²�cm�Z³´�¶µ�·M¸ . . . . . . . . . . . . . . . . . . . . . . . . . 24

I
3 J YP[b]\¹^ºZ»\¼^½ 28

3.1 _\`baM¾^¿XÀMÁXÂÃcÅÄ�Æ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.2 _\`baM¾^¿XÀMÁXÂÃc�Ç�È . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.3 £X��É�§�¾^¿ZÀ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.3.1 §VÊ�Ë . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.3.2 PMT {PÌ\Í . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.3.3 �VjÃÎ�°^Ïo�Sk^ÐzÑ . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.3.4 Ò\�oÓÕÔ�ÖÕjz��×�Ø . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.4 ÙXÚ^ÛMÜSÝdÞ¶ß . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.5 à\áPÔ}Ób|ãâä�P� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

I
4 J ådæèçoé�W�åÅê�ëVìXíïîñðMò�ó 42

4.1 �Z���\�\��jXô^õ¥�¥öè÷�ÖÕjz��×�Ø . . . . . . . . . . . . . . . . . . . . . . . 42

4.1.1 �����t�P��øùa�cmú\û . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.1.2 £X��É�§^�\§ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.1.3 üÃý�ÖfØ�þS�t§ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.1.4 «\¬\üÃý�ÖfØ�þ^��§ . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.2 Ý¥Þùß��¥ö�÷dÖ�jÃ��×�Ø . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

i



I
5 J ÿ���ëqî������oìXíïîñðzòèó 50

5.1 PMT �}ÖènX��×�Ø . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

5.1.1 1st �}Ö�nS��×�Ø . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

5.1.2 2nd �}Ö�nS��×�Ø . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

5.1.3 3rd �}Ö�nS��×�Ø . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

5.2 	b~MÌ p¶Ó�
^w�õ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

5.2.1 PMT c
���S��� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

5.2.2 Shower-Detector Plane . . . . . . . . . . . . . . . . . . . . . . . . . . 55

5.2.3 kSÐ�Ö ~�	f~zÌ ptÓ�
bwVõ . . . . . . . . . . . . . . . . . . . . . . . . 55

5.2.4 ����	b~MÌ ptÓ�
^w�õ . . . . . . . . . . . . . . . . . . . . . . . . . . 57

5.3 �����t�P��
^w�õ - �V�¥Ø�ÐV{mh��¶¢ - . . . . . . . . . . . . . . . . . . . . . 58

5.3.1 Xmax ú\û . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

5.3.2 Nmax úPû . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5.3.3 Energy ú\û . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5.4 ������� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

5.4.1 kSÐ�Ö ~�
bwVõ�úPû���� . . . . . . . . . . . . . . . . . . . . . . . . . 61

5.4.2 ����
^w�õ�úPû���� . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

I
6 J NPOMQSRSTVUXW��Pç�WDî �"!�#�$�% 69

6.1 £X��É�§�¾^¿ZÀX�M��&(' . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

6.2 )�*�+-, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

6.3 .(/�±Z² . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

6.4 0Ã��1è�X���\�\��jPc�243\j\üz�mj . . . . . . . . . . . . . . . . . . . . . . . 74

6.5 0�5
6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

I
7 J 7\L 81

ii



Abstract

High energy elementary particles and nuclei traveling in the universe are called “cosmic

rays”. Their energy spectrum extends from 108 eV to beyond 1020 eV. Among them, cosmic

rays with energies above 1019 eV are called “extremely high energy cosmic rays(EHECRs)”

, and so far as known at present, they are most energetic particles having the highest kinetic

energy per particle in the current universe. We believe that the origin of EHECRs is related

with hyper energetic astronomical phenomena or super heavy relic particles created at the

early phase of the universe. Therefore, research on origins of EHECRs and revealing their

acceleration mechanisms are one of the most exciting and important subjects in the research

field covering astrophysics, cosmology and elementary particle physics.

The existence of the cosmic microwave background radiation (CMBR) and the measured

photo-pion production cross-sections predict that a strong energy loss of EHECRs through

photo-nucleon interactions with CMBR and it naturally leads the energy spectrum above

1019.5 eV to be suppressed, which called GZK cutoff . With an experiment, the High Res-

olution Fly’s Eye (HiRes) group reported the confirmation of the existence of GZK cutoff

based on their observations with atmospheric fluorescence telescopes. However, with an-

other experiment called Akeno Giant Air Shower Array (AGASA), the group reported that

they were detected 11 super-GZK events in ten year observation and they concluded that

there is no cutoff on the energy spectrum. The existence of GZK cutoff is not experimen-

tally confirmed because, AGASA and HiRes, both of the detectors have large energy scale

systematic errors of 18 % and 22 % respectively, and event statistics is still poor.

In order to solve the inconsistency on the GZK cutoff problem and to clarify the origin

and astrophysics of EHECRs, we constructed the Telescope Array experiment (TA) with

a collaboration of researchers of Japan, US, Korea and Russia, and we started steady

operation from March 2008. The experimental setup of TA consists of 507 Surface Detectors

(SDs) and 38 Fluorescence Detectors (FDs) with a total coverage of about 700 km2 ,

and it observes EHECRs with both air shower detection techniques independently and

simultaneously.

The FD telescopes detect air fluorescence photons emitted by atmospheric molecules

excited by air shower particles. The simulation-independent determination of a primary

energy gives an advantage on this technique, because its calorimetric measurement of shower

energies is independent of hadron interaction models. However, a primary energy measured

with this technique depends on many factors and calibration constants responsible for the

increasing of systematic errors, such as atmospheric transmittance, detector efficiencies,

detector response functions. Moreover, the contamination by Čerenkov photons is liable to

lead miss-reconstructions of air shower developments.

In the Telescope Array experiment I belong the software development team for FD data

analysis. As a master thesis work I contributed to the development of event simulation and

reconstruction softwares. For the simulations I mainly took charge of modeling of detailed

detector structures and the response functions of the electronics, and implementing precise



treatment of Čerenkov photon emissions and their scattering. For the event reconstruction

software, in order to take account of characteristics of FDs, atmospheric conditions and the

photon emission and scattering processes, I proposed to use and developed “Inverse Monte

Carlo (IMC)” method in which a reconstruction process searches the optimum solution

with repeating Monte Carlo simulations.

In this thesis work the completed reconstruction software was tested through analyzing

MC simulated events, and I evaluated accuracies and systematic errors for the FD obser-

vations with the IMC method analysis. As a result this method is found to be most precise

among reconstruction softwares developed in our collaboration.

Using these softwares I analyzed the FD data of two year observations from November

2007 to October 2009, and I searched for air shower events induced by extremely high

energy (EHE) neutrinos. Due to their very small cross sections with nucleons the most

remarkable and distinguishable feature of an EHE neutrino event is an upward going (earth

skimming like) shower. Since FDs have three dimensional sensitive volume and they mea-

sure a longitudinal development of showers, FDs have a good sensitivity for EHE neutrinos.

Detections of EHE neutrinos which travel straightly long distance in the universe without

deflections and interactions are important because they carry astrophysical information

about the origin of EHECRs.

In this analysis we did not find neutrino candidates, and finally we set a 90 % confidence

level upper limit for the EHE neutrino flux.
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6>=)¹,� ÿ�@���÷�L'[�\�>�^¡D�=�;%[�;�¿�M¡�t=�A�x�yCz,#��%���<��M�� 108eV

u ( 1020eV

#�N&OQP�;%Í�A7]�?
�F�Î*<6�#�{�|�R�Ë,�>���%���CM�#�S&T 3 UV;�W&X¸q�?�Y¡��µ�&Z>7D'T
:�[F( =�?%@#>�^
2.1.1 \?]_^a`cb_dfe?gfh?ikjmlonpe
£�=�;�[�;e¿ZME��=�?�@#>4v�w�x�y3z�#3�������CMZ��q?�sj ��I
r 2.1 ;�s7S�^�t_I�u�v
#�w�x�Izy�î%&C@ 1010 eV I|{?}�>U���%�/�>M�~��'[��%*%x�yCz/#>���%�/�>M���qV��j �<�
���%�/�>M�#���U F (E) = K ×E−γ [������N=?>�^ 1015 eV ����;�[7� γ ∼ 2.7 [7\��Î*76
D u ( γ ∼ 3.1 T�����qm* 1019 eV ��� u (�;�A γ ∼ 2.7 Te&Z>�^rD�# 2 �z�'#&��qV�sj �,#� = ê :��UIC63=��%= “knee” * “ankle” TK����[�@#>©^ 1020 eV I�{m}3A�~��<[�#���qk�kj
�/�3*�x7yCz<#�{�|&R�Ë�:�Ô,ø 100 km2 \%Ar� 1 ��¤FT��7ðZ;��<&�µ�*4¿ZM���:����Fq�?�@>�A7B�¹�µ��,;�]�?%@�&3@>^
2.1.2 \?]_^a`_�k�#�V�
x�y3z<#z�����7gV;�²7@�?/±�;��������7@7:�*'×7[�" å A<¹V�t&����<#>���%����MZ��q?�
j ��I��<¥��4»m>�D�T�:� �¡/#�¢�£FT�¤�>�^�£
=_¥�D(¦�¢�£)I|§Q¨>S
������g¸T7qª©CÏ�±�«¬ T®­V¯k°²±�©�³f>�¦&´ “ µ�¶e�¸·¹�����7g ” [7\Z>�^
º�»K¼¾½²¿�À
µ�¶e�Á·®�Z�fÂ 1949 Ôk; Fermi ;'¹>]&©�Ã_Ä��Å±_¨�Æ�Ç3ö�÷������7ûQÈ�¥�Æ�ÇCö�÷_´
É

ø�Ê¾ËK¦(Ì�ÍVÎ|Ï �®Ð&ÑaÒ�Ë�;�¹
Ó�©�Ô�v���������ÕfÎ�Öa>_Ëª³×�ÙØ�Ú7ÑZ¤�����­�Û��_ÈZÜ>|ÝcÒK±Q;�¹K±_Þ�¥�É�ø�Ê¾Ë²Æ�Ç>ö�÷�¦�Ì�Í&ßVà�Â(Ø�Ú7Ñ�;�
�á�â�ã�ÈZÜ�>�´�¥�ö�÷_¦ 1 Á¦(Ì�ÍQÜ�¨åäÅ¦�æ
ç'Ñ�¤�è�é�êkë�Õ�ì��Q� ∆E Â�í�È�Ümäî¥ ∆E = αE Ë ö�÷_¦�è&é&ê#ë�Õ;(W&X�Ñm>�Ò�Ë|´�sðïÅ±?>KÝkÉ�ø�ÊðËK¦(Ì�ÍQ;�ñ�>ª�Z�QÂ&¥åÒ�¦ α ´
É�ø�Ê�¦�ò�v���óQ¦ 2UV;�W&X�Ñ?>�ÒZË|ôa°Å¥ 2 õ�¦�µ&¶�ê¸·î���ðË|��Þ�±k>ªÝ�ö�÷�¦(ø�ù
ú&����û�Û�êüË�ýª©�Â�¥Ò�¦ 2 õ#µ�¶zê¸·î���mñ#ä�þ(ÿ�������Ì��	�#;�ñ�>ª���Q´�« ¬ È�ÜZ>QË�
k}f°�±_©�³V>|Ý×Ò¦
���Z¥����
~��_¦�����¦�
��Zô?° α ´(Ì	����¦zò�v&�&ó�¦ 1 Uf;�W&X&Ñk>�Ò�Ë|´�såï�±�¥ 1
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r 2.1: �&õ
ø�ù�úf¦�è�é
êVë(Õ���q���� ê�Ý�����¦��ZÈ�P��(±�¨�OQP�Â
 "!&è�é�êVë�Õ�ø�ùúÁËª��Þ�±k>ª~��_È�Ü�>
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õ�¦�µ�¶zê¸·î���üËª��Þ�±k>|ÝQÆ�Ç$#&%�´(Ì����ðË�¦ 1 '�¦�Ì�ÍZÈ ∆E = αE ¦�è&é�êVë�ÕÎ)(+*�Ñm>�Ë Ñ?>�Ë|¥ n '�¦(Ì�Í+,_¦-#"%�¦�è&é�êVë�Õ En Â/.&��¦_ñ10 ;�¤Z>ªÝ
En = E0 (1 + α)n (2.1)

Ò�Ò�È E0 Â-#&%�¦/2�3�è&é�êVë�ÕZÈ�Ü�>KÝÁñ�Ó�©�¥�è�é�ê#ë�Õ�´ E ;&¤�>�¦�;� �4_¤�Ì�Í
'/5fÂ
¥

n =
ln (E/E0)

ln (1 + α)
(2.2)

ËK¤Z>ÅÝfÒ&Ò�È�¥ 1 '�¦�Ì�Í�Èz���
~���ô?°7698+:zÑ�;�<QÎ Pesc Ë>=@?�Þ�¥ n '�Ì�Í�,BADC�EF+G AIH"�"J>;&<�Â (1−Pesc)
n È�Ü�J(¦�È&¥ E .+K�¦�è�é�êfë(Õ�A)C�E¾ï ±1JL#�%�¦�M+�#Â

N(≥ E) ∝
∞
∑

m=n

(1 − Pesc)
m =

(1 − Pesc)
n

Pesc
(2.3)

È�Ü&JªÝ�N (2.2) ÎIN (2.3) A
O�P�ÑQJ�Ë|¥
N(> E) ∝ 1

Pesc

(

E

E0

)−γ

(2.4)

Ëz¤"JªÝ¾Ò�Ò�È
γ =

ln
[

1
(1−Pesc)

]

ln(1 + α)
≈ Pesc

α
(2.5)

È�Ü&JªÝ¾Ò�¦_ñR0LA�¥#µ�¶�êÁ·SC�E_È�ÂIT	UQ¦�è&é&ê#ë�Õ&�$V1�W� êQ´�X9Y+:fïÅ±QJ|Ý
Z	[+\+]+^&_�`�a+b ¿�À

knee ñ_ädc�³�è
é�êQë�Õ F+G�e ø�ù�úQÂ�fIg�h�É/i�j e Ì+��kZÈ$K�l e ñ90mADC�Eaï>nRJÅÝÌ���k e/o+p�q 5kÎ D f/E�ókÎ u Ë ÑQJ_Ë o+pBe/r�s�t�u�v ï D/u w�Ì���k e&x <&y�zåñä�þ|{�}	~cï���fZæ+�cËm���9�&Y�J|ÝQ� e��&� f����+k9A�ñ�J>C&E��$�B��nQJ�����w���:��
J)��� e$�&� ô��L���åþ	J��@�)�	��Y&J|�"�Q���$� � 10M� f&æ�ç�E�óB� 5 × 108 cm/sec f
�1:
��J)��� e æ&ç���óB� 1 proton/cm3

e �	�@f o�pBe�r�sBt"u �&��w TA ∼ 1000 yrs �u äSf����¾ä e$� Y_ï
w 5 pc  �ó¡� u JD�
g	h&¢�i+jfô£� e�¤	¥ ���+k��$¦@§ u/¨�©£ª)«�¬ �"�-A�ñ/­�®+f£� e C�E�¯�°RA�ñ�J 1 #

%9± �³²Le�´�� C�E�è&é&ê#ë/µ"�/¶9§#ï·n1J|�Q¸
¹9����± �³²>e è&é&ê#ë/µ e ì�C�<@w�f
dE

dt
=

αE

Tcycle
(2.6)

�	�
� Tcycle w 1 ' e ��º9A
ô�ô@J
����f α wI��ºQ»"�IA-*��¼n1Jzè&é&ê#ë/µ e (	*�<&�&±
JD�&N (2.6)

ª ��}��£J	���D� ´�� C&E�è&é&êVë$µ Emax

ª �$��J��"�|�+�&Y&J·�
���+k e K�½�� e #&%�5 e ½	n@w�f

J = −D∆N + uN. (2.7)

ñ ²¿¾ ���¼nQJ·�QK�½ F	G � e ½�À e E�ó u1 wI����k&��A
ÁüýD®/Â�Á t A-Ã e/Ä�Å A u J�&� f
D1

dN

dz
= −u1N. (2.8)
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��nBÆ���K�½ F	G ��w�f
N (z) = ρcr exp (−zu1/D1) (2.9)

�	�
� u1 w
����k e E�ó"f D1 w
���+k e�o	p�q 5�f ρcr wI���+k�� e ø�ù
ú e 5��Zó��"±
JL�ÇK�½ F	G@e ¸I¹�����± �È²>e/� #&%�59w�f ρcrD1/u1 � u JL�@� ��ÉRÊÌË �I�Í� ø�ù�ú��e ¸
¹@���R± �³²>e ��º�<�w ρcr c/4 ��±"J·�9� e+��� K�½ F�G � e/Î�Ï ����w

(ρcrD1/u1) (ρcr c/4)
−1 = 4D1/ (u1c) . (2.10)

��½ F	G ��w Î�Ï ��� e�Ð+Ñ A|#�%"�$Ò�:��£J�ô£Ó@0 ô ª 
	Ô9A ¥ n£JDÕ&4���±�J e ��Ö@¸
��w u�¥ �×�+����w�¸�Ø9A Î�Ï ��� ª 4D2/ (c u2) ���QJ [7] �¿��ºBA�ô�ô@J�����w�f

Tcycle =
4

c

(

D1

u1
+
D2

u2

)

(2.11)

� u J·��õBA o+p�q 5 e �$�åþ ² �/Õ&4&�"±&J|� o	p@e�Ù�Ú×Û�Ü �+  λD w�fB�
µ&û"Ý�y�zñ ² w�~åï	�)�&Y u�¥ ���
µ&û"Ý�y�zRw
Þ�ß�#"% e
à �Rá�� e �¼âBã�ä+å e y/z9�"± ² f"N
(2.12) � ¾ ���¼nQJ·�

rL =
p

ZeB
(2.12)

���
� e f Z f p f B w��$n&æ$n�f�ß�ç	è � f�ø�ù�ú eIé %�ê&ë	f à �BAIì�í uIÄBÅ�e ä+å � fà � e�¤�î �&±&J·� o+p�q 5 e/´ ~�ï Dmin w

Dmin =
rLc

3
∼ 1

3

E c

Z eB
(2.13)

� u J·���+�
�+f u2 = u1/4 � D1 = D2 = Dmin

ª O+P	�£J�� ´�� C&E�ð�ñ�ò�ó$µ Emax w

Emax ≤ 3

20

u1

c
ZeB (u1TA) (2.14)

� u J·��� � 10M�

e�ô À"�/��:IE�ó 5 × 108 cm/sec f TA ∼ 1000 yrs f�õ�ö à � ª 3µG �
�£J��·f

Emax ≤ Z × 3 × 1013eV (2.15)

� u J·�

1015 eV .�K e ø�ù�úRw@�)n�.&� e ð	ñ�ò1ó�µ F�G �Iw�÷ e ¯�°���ø�ù�ú9��ø�ùBf+C�E î
n�® ¥ J ��� �/VR�W�úò e$û Y��$ü+ý	��J��>
��R�¼n@® ¥ JD�

knee � e �$VR���þò e$ÿ n x � ²Le
é�� A�w��È�¼÷ e 
R� Ä þ�±&JD�"��nBw�fB� e ð�ñ�ò
ó
µ�.�K	�+w-Þ+ß�#�% e �Iµ
û&Ý�y
z@�-õ	ö���� e	�³î�
@² þ � Y@� u J �	� f)#�%��-õ+ö��
� e
� A)698�:VýL® ¥ �����B���+nQJ
f³� ¥ 0Kþ e ��±�JL��õ�ö à �@w	� 3µG

u�e ��f 1015

eV
e�� %"��w rL ∼ 0.3 pc � u JD�£� e ï�w-õ�ö���� e
�×î�
�² ~ î|¥ �+f o	p ä+å e ���ª �B�
â�J��Df£�Dn�.	K e ð�ñ�ò�ó/µ ª|«"¬ ø�ù
ú1A�ÁüýD®&w-õ&ö������ e��! #"@� ���9�

�RY�A9�	� u J·�
ankle

F	G9e ð�ñ�ò�ó$µ e ø�ù�úQA ¬�¥ ®�w 2 $�% e�&�' �&±&JD�)(Í� ¬ w(ø�ù�ú e&x <
y/zB�
õ�ö�� e
�+*!
9²¿� Y�� u J �"� f�õ�ö��	A �! ,"B� J��"�D���&Y
-+õ�ö.� � A
/10ª)«�¬ � ¥ 0S
�� Ä �&±�J|��� e ����w
2�3�4 e�5�6+Ä9Å A87 Ä�9�: ± ² f u =�; ¬ ý+<�=
ù :�> ;�� ��? �³�mü�ýA@·® ¥ J��,B�C î n£J·�
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D Ä f ankle °FE e
é��1: p γ → p e+e−
e Á	ø�ù9A 
 J)ð�ñ�òRó/µ�GIH :�é���J �¿�QJ�KLNM ± ² fQ�Dn :�O @I?-nB� ankle

F	GP
�² M c�ð�ñ�òRó�µ���QQA
2�3�4 e /�01w
õ&ö�� �
� u � u ?-nB� u � u�¥ �R�SR �QJ��¼ý�<�=	ù9w ankle

F	G1ª�T���¥ � ��?�eIT�T �&±&J@�U�V î nQJ·�£� e�W�X f 1017.5 eV Y	� e “2nd knee” ��Z&��nQJ��$�1[$�/ý�<�=�ù :�> ;£���? ��ü�ý\@D® ¥ J@� U�] î n£J·�

2.2 ^`_badcfehgfikjhldm
2�3�4+� & <�� ¥ Ron+p�}Iq e á/�
r"f ´ MtsFuwv ¥yx{z�Ë	|�}+e D ¬+: ~���� ð�ñ�òBó
µ
2�3�4.�&��±"J·� ��� ð+ñ�ò�ó$µ�2�3�4 �-w�f�� 2.1

e ����� î n � 1020 eV Y	�"f�±&J ¥
w���nI��K e ð�ñ�òRó/µ ª)«"¬ 2+3�4���±�JD�W� e
� ��w �.� ð�ñ�ò�ó/µ�2+3�4In.p9A�� î
n �����
� A ¬�¥ ® T � � J·�

2.2.1 GZK ���������
1963 ��A
2F3��F���I� (Cosmic Microwave Background Radiation f���� CMBR)

e���Ï
: j"� î n � í��&f Greisen f Zatsepin � Kuzmin w�f �+� ð�ñ�ò9ó�µ�2F3849w����Qá�A&� e
CMBR �S��ºP@m® � Y u ð�ñ$ò@óIµ�G�H ª /����R��� ª��1  @ � [5] � 2.7 K

e
CMBR(∼ 10−3

eV) w�f�2�314 ��?Be8¡I¢ �&�&w 100MeV
ª�£ �&J � ð	ñ�ò1ó�µ e�¤�¥w¦ 4 �w§8¨@��± ² f��? w �	¥ ;"<&�
© ?Iª�«�¬F­ Aw®�/ î n£JD� ªF«�¬�­ w!¯Iá�� ?Rª �)°±@|®�²I³��P´ �"�µ f ��¶�u ð+ñ�òRó/µ�GIH : /Q��´|�

γ(∼ 150MeV) + p(
¡�¢

) → ∆(1232) → p+ π0, n+ π+ (2.16)T�� fB� e�ªI«)
B² M c ¥ ð�ñ�ò�ó/µ&��f	ß ? Á+ø�ù (γ p→ p e+ e−)
µ 
 ´|ð�ñ�ò�ó�µ�GIHM /Q��´D�

� 2.2
µ õ�ö9�8·B� µ8¸)¹ ´	º ?�» }�¼�½F¾�ò µ M �t¿ ¥ ®�À�Á î n � 2+314)Â�ÃIÄ vQª

�+�$�9�Dn µ 
 n���Å 1020 eV �IÆ�Â ��? Â
Ã�Ä v w 50 Mpc ���+��±�´+�"� : �1;�´·��Ç�­
®�Å�È�É��wÊ ] î n � 1020 eV �FÆ+Â�2F3�4Rw�Å��FÂ8/�0)Ë�È�É�;£� 50 Mpc ��� µ u ¹ n
� u � u�¥ ��Ì µ ��Í 
9²ÏÎ	Ä Âw0�;Í� �F� î Í � 2�3�4Rw�Å�ÓDã u µ �	¥�Ð B&ð�ñ�ò�ó�µª)« ­�® ¥ ® M Å��F�1á µ ð�ñ�ò�ó/µ ª H ¥ Å�È�É"��w 1020 eV �+�FÂ�2F3�4��I@D®wÊ ] î
Í±´	�"� µ u ´·�
2�3
4.Ë �
?)
"² MtÑ ¥�é�? ©��	±F´ W�X w8Å
��Í1� � Â
ð�ñ�ò@ó
µ8G1H M / ¶ ´>� 2×1019

eV ��Æ�Â
2I3�4 éI? ©9w CMBR º ? ��ÂI�	º µ 
 ´ photo-disintegration
µ 
 ­�® 1 Mpc

± �³² 3 Ò 4 Ó�Â	© ?9ª HÔR ��Ç9­�®1Å	Ê ] î Í �
�+� ð�ñ�ò�ó�µ12F3�4�Ë ��?±
9² Ñ ¥�é? ©B��±.´ W�X�Õ Å��FÂ	0 Õ 20 Mpc ��� µ ��Ï @D® ¥.Ö ¹ ÍB� Ö � Ö�¥ �
�IÆ.Â 
 R Öw×�Ø µ 
�²Ù��� ð	ñ�ò1ó/µ�2�3�4 Õ 2�3 µ �SÚ�Û1¼��P´	º ? µ 
 ­�®�Ü+Ý î

Í)´wÞIß�Å	È�É�à�Ê ] î Í)´Dð�ñ�òBó�µ }
á)|\x ò µ Õ 1020 eV Y�â µ�ã ¥�ä@Ë�xæå.ç (GZKä£Ëèxéå�ç
) Ë��FÍê´@�#ëR�R��Í�® ¥ ´|� T ÞIÅ1��Â äQËNxìå�ç Ë��FÍ±´Ið	ñ�ò1ó$µ@§�í ª

GZK §�íNîtZ�ï�ð�� 2.3
µ�ñ�ò Ö 2I384�0�Â�Û�¼.½�¾�ò�;êó U�V î Í�´-ð�ñ�òRó/µ }8á�|ôx

ò±õö�\@�Þ [6] ðF÷!ø�ù1Å�0)Ë�2�3�·�ú µ D ñ�µ Û�¼�ûê´ W�X Å 5 × 1019 eV
µ	ü�ý Ö�ä£Ëèx

å�ç Ë8�IÍ!´�î U�V î Í�þ1ÿ�´�ðd@�ÞIË���þ�Å8Ê ] î Í±´ �.� ð�ñ�ò�ó���2F314�Â }�á�|�x
ò�Ë ��� µ Ó�Â 
 R Ö�� E�õ���	�;.õ�
±óö; µ ûê´
��î Õ Å+2�3�4�0Põ�n�p1û±´wÆ�à Ñ�� Ö� î Ö ´�ð
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� 2.2:
�.��������� ��2�3�4)Â
Ã�Ä
��ð � 4�Ë�� ? Å
�84�Ë > Â
Ã�Ä����!õö�Iû

� 2.3: 2�314�Â ������� � }�á!|�x�� µ U�V � Í±´ GZK
ä"!èxéå�ç

[5] ð�# Õ 1 	�Â%$�Ë
ÿPÚ&	+;FÂ red shift(z = 0.004 ∼ 1.0)

µ�' ´�î)(+Á @�Þ W�X ð+* Õ $�Ë8·�ú�Û�¼ô@�þ�ÿ�´�î
@�þ�,FÂ8Û�¼)Ë1ÿêÚ-	+;FÂ87 Ö ´ evolution model

µ ÇÔR8î)(+Á @�Þ W�X [6]
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2.2.2 AGASA .0/�1�203
AGASA(Akeno Giant Air Shower Array)

Õ Å5476+8�9�:<;+
�q<=èî>,+Â�â�?)Â �A@ ( B�
900 m)

µ%C<D � Í�Þ�·�E�F�G<HI��Ê ]
J D à 1991 �LKèó 2004 � T àFÂ 13 �)úNM�O
@öÞ�ð+PAQ 2.2m2 Â�R5S }�T0!8| F ¥NTVU �XW 111 Y+Ë 100 km2 ÂNZ
[ µ%\ 1 km ú�]�àC�D � Í�Þ8·�ELF�G�H��<^ U`_ à�Å0��ÂwÊ<a�b�ú µ �����c� �+Ë 1020 eV �IÆ+Â�d
eAf�g�h
(super-GZK g�h ) õ 11 ÷�Êiakj�Þ�ð

AGASA
µil ´tÊ<a Õ Å�min �����c� ��d
eAf µ 	�ÿFþ 2 	�Âpo ¶�Ö�qIr õts�ukj�Þ�ðv�w�x�y µ Å{z
|5} Ö�~ í l��I� Õ+� Ki�p�NÚ	Â super-GZK d<eAf)Ë
Ê+a � Í�Þêî�ÿ��

��î�à ' � ð AGASA ÂwÊ<aL� � î#¿èÚ y�� d
e�f)Â ������� ��� á������ õ{� 2.4 ���Fû
[22] ð��Iÿ%��f Õ d�epf�$�Ë y ñ
��� }��wÛp��j�þ1ÿ � î)(<�VjtÞp���L�%b�� �&� � � ác���� à ' � ð+�%�����t� ��� þ�ÿ � l ���p� AGASA �t�
a�j#Þ �A�{�X� ��� áL������Õ � GZK~ í+� 1020 eV õ>�êø8þêî%  � � ��î Ö Ú¡n �����c� �5��¢�K<�1þN£�ÿ+þ1ÿ � ð AGASA ¤¥ C�¦�§

10 ¨�ú
�t�iakj�Þ super-GZK g�h�©Lª 11 à ' � ¤�� GZK
ä�!«�ìå�ç KPó¬b�� �� � g�h�©Lª 1.6 à '«� � AGASA �%�<aXª GZK

~ í+��­�®Aî 4.0 ¯-��°�±�²+³I´�µ�j�þ1ÿ�
[22] ðx�¶ �{�p�<a �&�i· d
eAfcªI¸�¹+Kèó ��� }i�Iº § j�þ�ÿ � ¤��X,
� y�» ª{��$LKPó¬¼�½�-� þ1ÿ � l �&��¾�ø � �.î>³ ' � ðL� 2.5 ª AGASA ¤%�iakj · 1019.6 eV

¦�¿ ��d
eAf
59 gAhX�Iº §A� ¢Fõ�À�ÁAÂ�BiÃ<³�RXÄ !"� j · � ��³ ' � ðiº §A� ¢�ª�ÅAÆ ��� }��NÇ{�Èj
þpÉ � �¡Ê�Ëi�%¹�Ì<� � ¢�Çp� Ít��
!ó-K�Î�Ï5Ð�ª�¾�	
K���þ�ÿ�Î8ÿ [23] Ñ�j&K�j`� 2.5 Ò ¦<Ó
� 2 g�h+� ' � ÿiª 3 g�h�Ô5Î�� · doublet/triplet g�hX¤{Õ 6 Ö<¾�	iK
��þ�ÿ � Ñ AGASA

�Iº §A� ¢%Ç{×
Øi¤ 1.6 Ò¬³ ' � �<Í%Ù7Ú�Û�û � Í¡��� �kÜ �NgAhXª�Ý y �{��$LK Ü ¼�½ �-�· � ��Í`ÚcÞ�þ%´�µ�ª�Î1ÿ{Ñ doublet/triplet g�hX� � ¢IÇA��ª���ß
à�áNâAã�ß
à�ä¡å«Ù>æ5ç
ß�à�P
��è » ß�à�é�ã
êAëc�%ß<à+ì��pÇA�c¤Aí �¡î ß<à�P5Î0ï�Í � Ï�Ð�¤<Î�ð`� ��� }
³ '� Ñ 1019.6 eV

¦
¿ � 59 g�hX�k�-ñp��ò�±5� 2 g�h5¤{í � �
ó+�pÇ{�"Ù�� 2.6 �%� j · Ñ��
�N#�ôL��õtö � ª�� 2.5 �%��j · 5 	5� doublet Í 1 	5� triplet g�h���÷�øÈjtù�ú � [24] Ñ
� 2.6 �Aû�f�ª�º §�� ¢�¤{ü�¸�� ��� }
³ ' � �����Ib
� �¡� � Ç��c³ ' � Ñ�õtö � �p°�±
²cª 5σ ³ '«� � ¦
¿ ��ý�þ�ª�Î�ÿ Ü K��Nm5n ������� ö�d<e�f+�{$c¤�ß<à<Ã����N­�®�� �� ÍIÙ��Vð ��� j¡ù�ú � Ñ

2.2.3 	�

�����
min ������� ö�d
e{f���u�$ÈÍ�jtù�ªAú«ð��iK
�����5¤AÚ�Þ Ü`� ù�É � �X, �kÜ ª�o��Xð
Ç�� � Í>��� ��� ^ ! R�� � � Í �&! R�!�"�#$� � � Í¡ú � 2 %'&��NÇ(� Ü � � Ñ ¦�) ³�ª
, ��*{� �+� � � �,�
ú�ù.-�/+� � Ñ
02143�5�6�7.8 9;:
<>= �@?BA�C ' � úiªA,
�.DX��E�F�G>H � � l�I ù���Jiú'K'L'M(N�öi�Nd�e{f«Ù l�� n
ú

K>L�M(Npö'O Í A�C j-�
min'K'L�M�N�ö�d
e{f"Ù7¼�½�j>ù�ú � ¼
½�PQ�>�'M"Ù$R S jtù � �� ^�T�R��>��M�ÍVU;WAÑ
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� 2.4: AGASA � l�I ùI�<aYX �i· y�� d�e{fc�+K'L>M(N{ö���Z �È� M [22]

� 2.5: AGASA ¤��<a j · 1019.6 eV
¦�¿ �Id�e{fX�Iº §�� ¢NÇ{�
ÑQ['\+�.]<¤ doublt �Xõ

# � �,]+¤ triplet ³�^ � Ñ v · ÀAf�ª�ß�à�P
���{fcª î ß�à�PXÙ`_>� [23]
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� 2.6: 1019.6 eV
¦�¿ � 59 gAhX���&ñ��{ò
±5� 2 gAh5¤�í ��a ó+��Ç{��ÑXûpfLª+b.PX¤N¸kð

­�® c w ¸+ù
��g�hX¤ ��� }<�Nº § j · ������b
�dX � � ÇA� [24]

e�f�g�h �.i�j>k A�C Ù�Ú�Þ � Í¡� e�f�g�h ��l>m � ¢�Ù>n�o � ��ª`p<�X³�^ �.q Ü � AC'r [�O+� sutwvQx.y�z q Ü A{C X � � K'L>M(N{ö<� ~,| ¤+} v � �
Emax ≤ γeZBR (2.17)

ÍtÎ � Ñ �'� ³ γ ª`i j�k5�iÄ7ö�~.#�� < � �>� ö
� Z ªId�epf>� h;� ��� h���� � B ª AC'r � ��p
�X����X7� R ª A�C'r � �{o���X7³�^ � ÑV� 2.7 �{� 1020 eV
¦
¿ v ³ A�C ¤��

ØLÎ`� �
¹�Ì5�po���X�Í�p��{�A²5���«j¡ù+�
o A�C K>L�M�Npöi�
Ð��"Ù���j · [33] Ñ � ���q Ü �{ß
à<Ã��
� � �iÙ>æiç5ÅcÍ7ÿ0ï��%ß<à<Ã Ó ¹
ÌXªIm+n>K'L>M(N{ö;�<e�fL� A�C P ���
Í�Î � Þ�Î{ú ( áV� h�� ¤pÖ'� ) Ñ5ß
à<Ã��L��� �
¹�ÌLª�����ß<à � ����#��pf��<ö�� � � f
k�ß
ài�{ß�à+ì
Î�ï>¤���o Ü�� � Ñ¦�) ��ú«ð�� q ������¹�Ì+³�� A�C �'�{Ø>� Í)����Ít�+�>�c�,��ú�ù,���+� v Í�x � Ñ

• á�� h��¡ £¢�¤ ��p<�X¤ 1013 G Ùt�«Þ � l �&Îiá�� h�� ª��>¥�� h'� Ù 1020 eV
¦

¿ v ³ A�C � � � Í¡¤��pØi³�^ � [8] Ñ«j q j � � l �`Î�¦�§<�.��ú.p��i¤p­A®�� � Í¡�e f,g�h ª ¨�# � Ä � Ä'#-¼�½L� l.I ù�K�L;M�NNöXÙ$©�ú���û�ª���ª;��� l ��Î{n;K�L
M�NNö v ³�� A�C ª�«��pØi³�^ � Í ÚcÞ Ü)� ùAú � Ñ ·'¬ j&� ¨�# � Ä � Ä'#-¼�½L� l� K�L;M�N�ö�­'© ®iª<áV� h���¢�¤ q Ü �+¯ a �+�«ð�°
­�j&� ¢�¤ q Ü 109 cm

¦�¿ a
�<· r>� ³ A�C X �<· g�h ªNoQ��Î.K�L;M�NNö�­>©�ÙV±�² w � » O�³�´{³�� � �"Í&ú �
_>µ � ^ � [9] Ñ� �,�'��M5³�ª{�Nm<n�K�L;M�NNö;� ¶pfLª7ß
à
Ã Ó u+P�Í&ú � � Í���Î � Ñ"á�� h>� ³A�C X � � g�h ª+·<�`¥'� h�� ³�^ � Íw¸;¹dX � ù�ú � ��³��pm<n�K�L;M�NNö;� ¶pfX�
º §�� ¢IÇA��Í»º�¼X�+�
��¤ � �;�>��M0Ù$½�¾>� � ¿ ³+� � Ô�¿i³�^ � Ñ

• AGN
  �>�Aß�à � (Active Galactic Nuclei, AGN) ³�ªA�iáIâ<�'^ ��À{Á T �;Â ö�M��Ã.Ä � ��Å Æ �NÔ�Ç K'L;M�NNö5Ù g�h ��È � K'L�M�N�ö«Í É¡ù%×
¼>� � [11] Ñ g�h A�C
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10  eV at     = 1

20

β

1km 10  km6

1G

10 G

10  G

10  G

12

6

-6

1AU

Galactic Halo

Sunspots

Neutron Stars

Radio Galaxy

Galactic Cluster

  

10  eV
12

TEVATRON
LHC

SppS

10  eV at     = 1/300

β

20

Interplanetary space
SNRs

White Dwarfs

1pc 1kpc 1Mpc 1Gpc

Size

Magnetic Field Strength

AGNs
GRBs

� 2.7: p
�X����X�Í ¹
Ì+�+Ê��QX�ÍË��Ê A�C K'L>M(N{ö<�
Ð`� (Hillas ÌXÄ{T � ) [33]
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ª�Í,Î �uÏ�p
��Ð�Ñ I ù;Ò�Ó�Ï f �(Ð{Ñ I ù+Ô � Ï¡Ñ ·>¬ É-� AGN ³
� A�C ³
ª��'�
��Õ�Ö��%¼�½�� Í>��i�×QÐ�Ñ�Ï e�f+g�h �,K�L�M(N�ö�­'©5¤.Ø Ùi³�^�Ú ����Ê A�C K�L
M(N�ö+ª 1019 eV Û�³0Í`ÚcÞ Ü � ù�ú�Ï [12] Ñ

•
f k0Ä%ö À   AGN � f k"Ä�ö À Í�U�Ü � Ï r � ³
ª��0á�â � q Ü ¼�´�X � Ï�Ý = T
Þ
Í ß�à�ß.à�ß;�>á���i�×QÐ�Ñ I ù;��ú,i j�k+¤+Ò
t-ù{ÉâÚ 100 kpc

¦�¿ Ð{ãåäi¤ I ù�ú
Ï [11] Ñ����+á{³;æ(Ð+��ú f p�k5¤p¼�½âX � ù�ú(Ï r�� (radio hot-spot) ³<ª���ç h �Å>Æ Í,ã,Ð�è
²i¤�J<ú · x�K�L;M(N�ö�­ ©i¤�éLÎcð`� q � g�h Ù�êëtËv�x�Ï ¬ �p�,ì�Ç
Î+��X�í+î'ï�p�ðQñ�­�®òÉ¡ù�ú�Ï � Í�ñ>ó f k�ô�� q Ü ¸;¹ëX�õ+ù�ú(Ï [13] ÑòÉ q É�ó
hot-spot Ù`±÷ö f k"ÄIö À Ù`ø�� AGN ª Û+õ5³>ó>ù ú q Ü í+¯ a ãVû ðwóòÉ q ã �
õ{Û�³�ÐVô���Xüõ ·,ý{þ K�L�M�N�ö;��¶+ÿ�í�º������%Ç���Í	��²�Îpú{Ñ�
�Ð M87( ù�úq Ü í.¯ a : � 18 Mpc) ñ'� í�Ñ(ö�
����;P���^�õQÜ�ó M87 í����'ÐVô�������ñ��«á
��Ï���Ó���^�Ï���Û���ó� �Ð%ê
ú�!�"�í`&�#�
%$�&'� NGC315 �'ó � õ'� 100 Mpc (
GZK ) |+*-,/.1032 Ú û�4+5�Ï6�

• GRB
  ��7`�+ÿ��98�á Þ (Gamma Ray Bursts, GRB) ��ó1:<;>ñ�"�= 03> Ï@?3��í�A

�Qãå�uãCB9D<
{ã�í'í1E�F9��^uÚBó ý�þ�G3H�I+J 8�� ¶+ÿ�í%KL�����+(�MON(Ð�P3��Q�ÐR � É 03> Ï6� GRB Ð�Ñ'Ï G�H3ISJ 8T��´.®'�;ó ý{þ�G�H�I+J 8���¶;ÿ�U�ñ�ETN�Ð R
� É 0�> Ï'(�V . �,ð���í 1019eV W�X�í,��¶�ÿY( É 0 í G�H3ISJ 8T��´.®�Ð�Z3[1PëÉ\ ó.¦�§�Ð%]�Ç'
@^�_L$�&���`{Ï [10] �
É q É�ó GZK aLb�í3��x>Ð�ù�ú�cTd 50Mpc We Ð�f�g@ÉO
�h$õQÜL
ji@
 > �lk.í�Ñ(ö�
 GRB � 100 m�Ð 1 Í%n�oâÉ�p�q�Ò
É@
 > (
¸+¹srüõ 03> Ï.í��>ó�ô��trüõ�Ï�� ¶+ÿ�í�K����+� R �+� GRB í%���'Ð-�/AO4�Ï�k<(
ñ�uLv(Ð.¸;¹���w�Ï6�

• xLy�z|{~}�� G ��8���8�í���ð{ñ 500kpc nLo�í�ä{ñYÚ * ø�= 0 ô��tråõ 0�2 Ú ó�kVõ
�%��ÊT�9��í��3� ( � 2.17)

*O� ��É 03> Ï [14] �@É6p�É�ó 1020eV WLX�Û����9��ÿ�ñ%�
��r�õ<��(�É 0 ã�ó%x�y'z e�� � í GZK a9b�Ð{Ñ>Ï G�H3I+J 8��L��ñ�Ê�w \ ó%x�y'z
í%�(Ð����L�sr�õ�
 > (�V . iËõ 03> Ï-�

���3�T���9���L���
�3� í'��ö���ó/k�õ< ��9��ô��¡råõ�� ý�þ3GLH�ISJ 83�9�;ÿ * !�"�í�$9&�?3�9¢�£�¤�¥L¦§ óO���T¨�©@ª�«LQ9
�¬3­'©9A���®'¯%4j°�k�(6±L²@³'�9`9°��/k�©��L´�µ AGASA ©@q9¶9��·\ © § ¨9¸�©1¹�º *1»3¼�½ k�¾�µ<£1¤�¥�¦ § ©�ª�«9Q�
 § ¨ *-,t. �1¿À¾ > ¦ § ��Á�Â \6ÃÄ I ¢�µTÅ9"'©�Æ'Ç G�H3I+J 8�$9&�?��+��Á9Â \�Ã Ä I ±�È�Ésr6Ê 0�> °O�ËkSÌT¾6� Ã Ä I
�3µTÍ9Î�©'�jÌC
%Ï GLH�IjJ 81¤�¥'±����lrÐÊ 0�Ñ Ç G�H�ISJ 8'�1Ò�4�°�( > ÌCÓÕÔ×ÖLØ�ÙÚ Ã Ä I �%ÛÜ¾ 0 µ|Ô�Ù Ú ��Ý37 Ã Ä I ( »9Þ Êj°6�
W9ß���à�© > \ F�pL©�á<��`�°6�

• ����â�¢TÆLã�¤�¥�©�ä�åËæçÛ�è1éê{ë�L�9©%ì�í<µ�4<î�ïLð�ñ�7Tò<ó�8�ô�õ67%©���ö� �÷�øù ö��%úTûsrCÊ�÷��9�Tâ�îjüO©Oý�þ�ÿ�� (Topological Defect) µL 3÷Lø�Æ�ã1¤9¥ (Super

Heavy Relic Particles) ±�µ�x9yLc�d���ä�åY¾ 0�Ñ Ç GLH3IjJ 8������ * ú3û ¾ 03> °
(	4j° Ã Ä I ��`9° [37] ��ý�þ�ÿ���ø�� > ©
	��3¢�Û�è1éS���1= 0 µ1Æ�ã�
T8��3Ó��T7
¢���Ù
����Ó��T7T��ä3å�4/°<(�V . i	Ê 03> °��lk6ÊsiOø��LñL��71©�������7 ��!CÙtÔ
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*#"%$ ��&9Q9�(''7�)(�'µ�*�¥9µ,+.-�8êÔ0/�11�@ä3åÀ¾�µ,�2�3��7�©sÌÐðO} % 4�h1±�5
¥76Oî�°8� GZK aLb * V�9�4j°�6�µ�k%©Lô�:;/ ���Lø�µ GZK <�Ù�Ô �<ò�� $ Ï > G3HI�J 8=�Lø�>�¥�±3µ3Ç > G3H�I�J 8=�Lø?''7@)��'± A�û R ��î�°�6CB(DÜrCÊj°���Æ�ãT¤
¥FEÐä3å+����= 0 �2�3��7?��!ÐÙ/ÔHG " °�±�µTÆ�ãT¤9¥<ø cold dark matter 6L¾ 0 xLy
�I��8 e ��E6f3g94�°J6�V . i Ê/°�÷�´Tµ GZK a�b�©
K�LIG#MSh@N�µ�¤�¥,O'± G�H3IJ 8�6�6(ET�
P�Q�4�°�k�6@ø�î > 6CB DÜr�Ê 0�> °R�

• Z S�8=� ÔUT=V { Ñ Ç G3H3I�J 89©W+�-�8 Ô@/@1�±�µLã�X�����= 0 xLy�c3dS�RY=ZY¾ 0> °-�9��[.\�+�-�8 Ô@/�1J6	þ.� "W] ¾ 0 Z0 ¤�¥^G "_$ µ9à�©%ä�å�ú3ûL¦<± Ñ Ç G�HI�J 8T�L�?�`6�¾ 0@a �trCÊj°%µ�6 4j° Ã Ä I ��`9° [38] �Sk%©�b�cJ�TúTû�rCÊS°�©�ø
Z�6�djü3e�¥���`9°8�� 3÷3µ%�L� [=\.+=-�8êÔ0/@1�ø�xLy�c�dS��f'w�î?g�hFG#i�F�j=k
��l�8�G " °�©,��µLK9Î�m�n R?o ø�P,m<Q���î�°�6pB DÜr�Ê�°R�

• þ�Û�¨�©#q<Ê { Ñ Ç�r,s,t^u(v.��ø�w x�þ�Û�¨S�Rq'Ê�±�` $ µ GZK a9b��1VW9�r�Ê�yz ° ∆+ úTû'©�{�|�}TúTû<± ½ k�i-î z µ�63~j° Ã Ä t'±�`9° [39] ���#vtó��(����¥;�
± 1011 GR�I�9°L�jÌCî�rWs�tFu�v �=���9ø�µ�k-Ê< W�(w�xLþ�Û�¨'© �W��}����'±�îSr
Ê�y z î z ÷9´Tµtk�©'�jÌCî%È�É'±,�?�J�.��°R�

k%©<�+ÌÐ� Ô�Ù Ú �'Ý?� Ã Ä t'±(�l¾ �Ðµ GZK ����G6ÆF�L° Ñ Ç r�s t^u�v��L� ��©
��g
±�����r�Ê�Ê Þ µ�ª�«.}�î�£1¤�¥;6����<© § ¨FG0���9°-¿�÷�î%¦ §=� ©(���=6@î'°������+±
��°��

2.3 ���¡ £¢¥¤%¦ §;¨ª©2«­¬ª®
2.1 ¯^� �.° ÷���Ì6��µ��9���S©�ò.k<Ù(j?��ø.±,² E−3 �(³�´.~/°T©���µ 109 eV ∼ 1020

eV ©(rWs�tµu�v(�=�J�9ø9ò�k�Ù(j(�L©?PWQ�ø 1030 ��E�î�°R�tò�k<Ù(j(��©(f�¶ z 1014 eV· ß�©%Ï�r,s,t^u�v3�����+ø�µ=¸=¹�¢=º�»�¼�½<îjüO©
¾�¿W�+�@À.Á7Â6Ê'÷ a �,Ã.Ä��'�?Å,yù?Æ a �7ÂÐÊ�°�� ¾�Ç/¾Cr,s,t^u�v�± 1014 eV
·=È ©3Ç�r,s,t^u(v���� �+ø�É�Î�Ê�Ë<±�´�îz ÷9´Tµ a ����ø�f�¶�î��µÌ�Í Z%6CÎ z�Ï e�Ð.Ñ�±(Ò�Ó���� $ µ�à�©�÷9´@¾.¿W�,À�Á��^Ì@Ô

�<�(Å,y ù(Æ a �µG#~�°=Õ�6�ø�³Ë¾ z ��à^Õ
��µ9Ç�r,s,t^u(v���� �S��Ûl¾�y�ø?ÖW×������
± f�¸�6 þ.� "W] ¾RyW��¶9°�Ø,×3�9�?� ( ÙW¸�ô�Ú.Û@v ) G0�^Ì
~�°J6 z ÌCÑ Æ �=Ü9±�Ý�ï1Ê
y z °��

2.3.1 Þµß�àFáIâ�ã�äFå
æ=ç ��±?f,¸���èWé�~/°�6Oµ�f,¸µê�©
ë�¥�5%6 þ.� "�] ¾0y�ØW×1¤<¥^G�ú�ûÀ¾-µ�Â�ì@�Tà

Ê`ì-© Ø,×1¤�¥IEC¤�¥�ú�ûFG@ÝSîsÌí�_Õ�©
î�ïFGJ� $ñð ¾�Ö=× æ.ç �+±�ò�óJ}�ô�f.õ<© ØW×
¤�¥�ö`6�î�°#÷�øFG�Ù,¸Sô=Ú�Û@vW÷�ø_6 »,ù �^ú.û�Ù,¸+ô=Ú�Û@v�ø�Ç�rWs�t^u?v�'��
)(�^Ç
ìCú�û;Â�Êj°@*?üJ<=�Wý�vþ�06Oµ'Ç�r,s,t^u(v �­�C�W� ô�ÿ�°�5�<=��ý�v � Ç ì@î<°R�
Ç�rWs�t^u(v � '��@)?�+ø�µ�*���Û�ú�û^ô�ÿ $ *��;60> *��^G " °0� Õ-Ê�ì � *���µ�> *

�+ø��	��
.éIô�ÿ(Å,y='^��)���G�
=é�~¡°#��r=s�tFu v E
� *��^ô�ÿ�°
�	��
.é ��� Í Z

σbrems. ø3µ × � Bethe-Heitler
��� ���7Â�Ê����

σbrems.(E, v)dv =
4Z2r2e
137

dv

v

[(

1 + (1 − v)2 − 2

3
(1 − v)

)

ln
(

184Z−
1

3

)

+
1

9
(1 − v)

]

(2.18)
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Õ.Õ(��µ v = hν/E µ Z ø�l?v�
jÙ�Ô#6�î��#ë��W5 � ë�������� re ø�����*��Jg?h^�����#�
Í^Å�y�������
Wéµô�ÿ����%ý��;Â! �÷ $ � rWs,tµu(v#"�$ (dE/dX)brems. ø ·	% � ÿ'&8ô��
Â)(����

(

dE

dX

)

brems.

' − E

X0
(2.19)

Õ=Õ���� X0 ø?*�� � rWsWtFu(v�* 1/e ôLî+�,��Â���
�é.Î`6,-+.�(�� ·�% � ÿ�&�ô?Ü#/�Â
(0���

1

X0
=

4Z2r2e
137

N

A
ln
(

184Z−
1

3

)

(2.20)

Õ=Õ���� N ø�1�2,'þ�p�43�� A 5.l(v�
0687 ë���5 ��9 õ#3�:����,; X0 5?fW¸�:�5�<Iÿ>=
38 g/cm2 :.���?;�Ö�m+�#@���A�B�C ��� Í�D σpp 5��

σpp(hν, u)du =
4Z2r2e
137

du

[(

u2 + (1 − v)2 − 2

3
(1 − v)

)

ln
(

184Z−
1

3

)

+
1

9
(1 − u)

]

(2.21)

E,F �);�Õ,Õ�:�� u = E/hν � E 5!B�C7ÂG('�H@#� � rWs t^u(v�I��Fì4J
~�;;Õ ��� Í�DJÇIì
@���A�B#C � interaction length *�K�LµìM(��,òWó E�N y��

(

dE

dX

)

pair

= −7

9

E

X0
(2.22)

E
F �?;�O^Å�y��#@���A�B#C E ����
�é � interaction length 5�P@ï=Ë+:�����Õ E *�J,Ç��,;
Õ � 2 Q � î�ï�I4RTS ð N y���U�3 � @����+V�@�����W��
X�Y�*�Q7�=ìM(��0÷Wø�*#@�ü�Z	[
ý�v]\^:����4;	_���3�*!`	a N 1 _�����bcS ��d�e#fhg�i *(³�´=~j� E �+a,¸µê�: � @�k�"
$�*ml	n EHF So��@��#C	p�*�a�¸�ô�q�r�Â)(+sm_+��t�3u*�³=´�vw�?; Õ ��x � d�e#f'g!i 5
ÙW¸µê�:	5 84 MeV :����4;
Ö�y�� æ.ç Y ��z C	p�:�{+��V#� Fj| ��} \)~	�!*�a�¸�ë���� EG�����	��N b����µô�5��� ê?Ñ!��� K ê?Ñ�� F'| �>} \M~�� � U���B#C�*��^¶��4;'B�C�Â�(�b,Ø�×�_�� � a���p�5�ò

ó���ô � ê Ñ�� E�F �4;u= � &4� π0 5>�+����� (8.4 × 10−17 sec) : 2 � � Wh��X�YFôm���N �#@ ü�Z�[�ý i \�IH��C�vj�?; π± 5 τ = 2.60 × 10−8sec :��
π± → µ± + νµ (2.23)

� ÿ'&pô����	v0�?; µ± 5 τ = 2.20 × 10−6sec :��
µ+ → e+ + ν̄µ + νe (2.24)

µ− → e− + νµ + ν̄e (2.25)

� � ÿh&CôH�#��v��); � (;ì } \�~���� π � µ *��+Z�[,ý i \�IH�#C�v0�?;�a�� � �	��5H� ��#��� ����� �m¡4¢ ï �m£ 10 ¤+��@�� � a��^ê�: � 
Wé�¥ ��£ 25 ¤^ô�¦ F � � :#��§�¨ �
ÿ0& F �uZ�[=ý i \ E @�ü�Z	[=ý i \ ôJÿ'S�U#3 � _+�+*#B#Cª©?(0�,;u« 2.8 5 � �>¬ ��I­ � ��ôm� N b�¦ � :	{��?;

2.3.2 ®'¯±°�²0³�´0µ�¶0· ¸	¹�º
» ��¼�½�¾ i ê?ô4¿�Àm('�M_�� � t#3�*>`�a�v'�(ômQ#(�s��>��Á � _�� �
Â Q d�e�f�g>i 5Ã#Ä v'��; » ��¼�½�¾ i+Å!� @���C�p � ����� x>Æ�d�e�f�gmi Ec (

» � Å :�5 Ec = 84 MeV)
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Ç>È�É Ê E a�� Å��!Ë �+��p�� Ç ÿ��
@#k�"�$�*#a�Ì Ê F S���Í�Î Ç d�e#f'g!i IH$'Ï#s�a
� Ç q!r8©G(�s N À &Ð;h=�Ñ#b�L�� » ��¼�½�¾ i�Å ÑH_	Ò�Ñmt�3h5�{	�,Ó�Ô�: Ã�Ä Ç
ÕªÖ!× ;� Ñ�Ø'& F » �u¼�½�¾ i Ñ!Ù�Ú N b�Û 9	Ü Ç A�v × _+Ò#3uÑ�Ý�Þh5>ß�yhà
á�â (longitudinal

development)
E -�.>( × ;d�e�fhg!i
E0 Ñ�ã#��Ñ#W���X�Yu*�a�� Çmä�å N b E Ì Ç B Ö!× » �h¼	½	¾ i Ñ�ß�y'à�á

â Ç Q��	s�5#æ�ç�Ñ È#è�é * � �cê�( × ;

Ne (t) ∼ 0.31√
y

exp

[

t

(

1 − 3

2
ln s

)]

(2.26)

y = ln

(

E0

Ec

)

(2.27)

s =
3t

t+ 2y
(2.28)

��� : t 5�æ�@#Ò�Ñ!a#� Å :�Ñ>ë å ¥ (38 g/cm2) I>ì�í E v × ¼�½�¾ i *�Ù#Ú N b�a����±©
:�{ × ; s 5�¼�½�¾ i Ñ
á	â�Ó�Ô�I,î�v�ï�ð�ñ i�ò : d�ó�ô ï'ð#ñ i�ò E -	.>( × ; � Ñ�¼�½
¾ i�d�ó�ô 5�¼�½�¾ i Ñ�á�â E�E ¦ Ç =�Ñmõh5m`#ö N æ Ne( ÷	@�ÒùøúV�@�Ò#3 ) *!û	a Ç F ×E Ì�æ s = 1

EHF × ;ü�ý Y�V�Ò�*�Q Ê!× » ��¼�½�¾ i Ç Q���s�5#æ Gaisser
E

Hillas Ñ�þ�ÿ Ç����wÊ § % Ñ é *� �8ê�( × � E *�U���;

Ne (X) = Nmax

(

X −X0

Xmax −X0

)

Xmax−X0

λ

exp

(

Xmax −X

λ

)

(2.29)

��� : Nmax 5mû	a�á�â���Ñ�_�Ò�3+æ Xmax 5�¼�½�¾ i û	a�á�â��±© [g/cm2] æ X0 5!ã�ç üý YuÑ>û	��Ñ �	����� Ñ
�±© [g/cm2] æ λ 5mß�yhàHá�â�Ñ attenuation length : 70g/cm2 :
{ × ;
ã�ç ü�ý Y+Ñ d�e�f�g�i Ñ�����5!æ Nmax Ñ���� E?F ÏHs

���æ <�Ø,= Nmax ∼ 2×E0×10−9(

E0 5!ã�ç ü�ý YuÑ d�e�fhg!i æ�ì�í�� eV) Ñ	������{ × ;0À#b#æ�Pmã�Ñ!ã�ç d#e�fhg�i :�{× ����æ#ã�ç ü�ý Y#_�Ò���Ñ�����5 X0 æ Xmax
Ç 
���æ���� Ë Ò���� | X0 æ Xmax Ñ
õ����

© Ê F × � à��	{ × ; � ��5#æ#��� Ë Ò��!� | a�� E Ñ �������#"�$ D��#ahÌ Ê ØuSM¨ » :
á�â%��&�À × � E æ±©	ê Ç �	Ò�'�b S�Ñ d�e�f'g�i ���c© Ê d�e�fhg�i�( p�Þ���) Ê+*%, �E Ç Ø × ;%-�ì F�.0/ f :�1�æ Xmax ∝ ln(E0/A)(A 1 9�Ü�2 ) :	{ × ;hV�Ò�æ�3 Ë Ò�� Ç Ø× » �u¼	½	¾ i I�¼!465�7 i ¼98>� N s�K�L�b!ß�yuà�á�â�:,YjI�« 2.9

Ç6; v�;

2.3.3 ®'¯±°�²0³�´0µ=<w· ¸�>!?
¼�½�¾ i�@ Ç�A�B F y�à�Ñ
_	Ò 2 pDC!1�æ » ��¼�½�¾ i Ñ�E�yuà�pDC (lateral distribution)E F�G � × H @�I+Z�[�J i \^Ñ�E�y�à>p�C�_�Ò�K�L ρ(r) 1�M0N�� F�O�P Ç Ø�SRQ êS��æ�T��

I È�è N b�¦!Ñ�� Nishimura-Kamata-Greisen(NKG) � 2�U æ
f (r, s) = C (s)

(

r

rM

)s−2( r

rM
+ 1

)s−4.5

(2.30)

ρ (r, s) =
Nef (r, s)

r2M
(2.31)
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« 2.9:
» �u¼�½�¾ i Ñ>ß�yuàHá�â

U { × H r 1�¼�½	¾ i�Å
V	W ê?Ñ�X�k�æ rM 1 .ZY d�i�f�[�\9]_^ ( `�Ò%� 1 ë å ¥ *�,�a�Ç* ¢ yuà W êSb	� × X�k ) æ C(s) 1
c0d�Þ%e 2 æ Ne 1>÷�`�Ò 2�U { ×fH s 1 d�ó�ô ï�ð�ñ iò�U { ×gH 1019 eV Ñ » �h¼�½�¾ i Ñ>û�a�á�â%� Ç�hji	× E	yhà>p�CwI�« 2.10
Ç�; N b H

2.3.4 ®'¯±°�²0³�´0µ#k9l0·jm
» �h¼�½�¾ i Ñ6n%o�y�p�1�ahÌ Ê p i s�æ=q�î�_�Ò�r�s�t Ç Ø × n%o�p E a���u�v�p�Ñ 2

�0w��	{ ×fH

x�y�z�{�|�}�~����0�����0�
� 2 Ñ
_�Ò�r�s�t��6q�î Ç��	��� s » �h¼	½�¾ iD� Ò!��r�s � æ ü�ý�� � a
� n%o�v ×��� 1 � » �u¼	½	¾6�%�97 ó	��� F%G ��æ������������ ü�ý�� Ñ�n#o ��� � � s��=��� Ç � �
ê��= �Ì�¡ H» �'¼�½�¾
� � Ò�1�æ £ 90 % Ñ�`�I�¢%£ ( `�Ò+æ�¤�`�Ò�æ�v�Ò )

��£
10 % Ñ�4
5���¥h�

¢�£�æw©	ê Ç Ä Ü Ñ }§¦ ~��g¢�£ W êS¢ ×gH � Ñ©¨?�
`�I	¢�£ � 4
5���¥u�f¢%£��fn#o�ª ×
r!s�t � �  �ûj¦,ã�«+� Ç � �8ê+�= �� × Ñ0��æ�¬+ð�­0® ]D¯ ¼��
®�7 � ò � � ��¡�¼���®
7 �+¼98>�fr!s�t U { ×gH À0¡�æ�° Ç 465��	¥h�f¢�£�Ñ��j��±0²�� Ç r�s�ª × ¡=³ Ç æ'¼D�
� ¦ ©´�#¡	¼=µ
®�7 �+¼�8
µ�r�s�t�¶�·�¸ O 2�¹#U 4
5��	¥�µgr�s�tº�g»�¢ � æ�¼ Ç
�	� ª×�½�¾ ¦�¿ ×gH ©	ê Ç æ » �h¼�½�¾�� @ ÇmÈ ��À ¦+Á µg¢�£!�gn#o�ª × ¡=³ Ç æ%À ¦+Á µ
ÂÁ Y ñ�� ò �j�fÃ�Ä� �Å × » �'¼�½�¾��#��7 ó ¦�¿ ×�H

18



« 2.10:
» �h¼�½�¾���Ñ
E�Æhà
£�C

» ��¼�½�¾�����7 ó Ñ ½�¾ ã�ç ü�ýD� Ñ
Ç�È�Æ�à�1
·�É=Ê
-�ì Ç
Ë ³uêS� × H » ��¼#½#¾��
1�Ì�Å�ï�µ�J��#Í6Î�Ñ � Ò�Ï ( ¼�½�¾6� � $ ) �H�0¢ �  �q#î Ç Ç�È�ª × Ñ U æ�Ð�r!s�t=Ñ+Ñ� Ò+Ñ�Ç	Ò=� a�Ó W ê » �u¼�½	¾6��ÑDÇ�È0Æhà�� Ë ³�ê�� × Ñ U ¿ ×�H ã�Æ�æ�ã�ç ü�ý�� Ñ
�0�����D�=1#æ0Ð�r!s�t U r�su©´�=¡ � Ò 2 K%L W ê » �u¼�½�¾���÷�Ô U Ñ�E�Æ'à
£�C � ÷� Ò 2 ��Õ=e�ª × � �gU Q�ê+� ×�HÖ� W � � � Ç 1
À ¦�Á µ�×�Ø	Ù0Ú���Û	Ü � ¡�Ý�c ­!Þ .
µ6ß�Â�� Á O0P ��à�á � ª × Ñ U æ�À ¦�Á µf×�Ø0Ù0Ú�Ñ�â�ã�eDä'Ñ6å�æ��6ç i�× � � 1�è i
ê�� Þ Å � Åé¨ëê=ì%��¿ ×fH À�¡�æ�Ð0r�s�t Ç
ä�å�� ¡ � Ò 2 K=L U 1 » �'¼�½�¾��+Ñ�á+â
Ñ�L ¾ ��í × � � 1 U Ì Þ Å H

î	ï�ð�ñ0�
Ý�ò�u0v	p�1�æ » òu¼	½	¾6� � Ò�ÑD`�ó0ô0õ�Ñ�ã0ö#��v Ç Ý�÷ùø´� ×	ú � ��û#Ú�ª ×	ü ÑU ¿ ×fH �������!����Ñ�ý�` � Ò���Ý0ò Å ��Ù�Ú�ª × � æjT�Ñ�þ�ÿuÑ È��'Ç ¿ ×���� Þ�� Ñ

Ý�ò	£�Ò�1	��
ºø´��æ ú �±ê,Ñ���
 ø´�#¡�Ý�ò�£�Ò W ê+u0v��má�
 ê+� ×fH ª Þ���� æ0Ý�ò
1 ü�ýD� Ç��©�  ���µ
®_7+� ò � � �  	��� H 80 MeV Ñ�`#Ò%� 1 ò���Ñ�Ý�ò���� 1 m Ù#Ú� ¡ ½�¾�� á�
 êS� × Ý�ò	u0v	v�Ò 2 1 h Ø6T 4 � U ¿ × ��æ���Ý Þ ���� �� � Ò 2 Ñ�¡�³� ���� ���÷0Ô U Ñ�v�Ò 2 1 2× 1015 � ( ã�ç������������ 1020 eV Ñ ½�¾ )

�%ü â � æ�T�Ñ
á%v+Ñ�!�"�� a 1 30µs #�L � Þ ×fHZú ���6v�$�%'&�( U�) v � �+*=L U ��,.-�v�/9µ�0	�
Â21�3 U�4�5 ª�6 G'7 h98 T 30 km &	Æ W;:gU ü n=o�ª;< ú �>=0U2? < H ø : � Ý�ò�u0v@-A�B Æ.C�D+E0Æ=Ê U ¿�<�¡%³�F�G�H�I � -DÇ�È�Æ�C �J8 :LK�M�N �>OÖ¨ ú �P=�QJ? < � Å�¨
û=ì = ¿�<SR ú - 8 ¨ Þ Ý�ò�T�U�VJD 7�W ¡ ÞYX òZ���� �� M�N -�Æ�V � �   1960 [�\�]�³��^ 7

Greisen
7

Chudakov
Þ9� �J8�_  +`�aZøb6#¡+R

Ý�ò�T�U�V �28 < X ò����� �� M�N�c�d.e;: -fF�G�H�I � -�Ð�g�h�i@-�Õ@j2D 7 Ý ? �+£k  
1.
X ò.���� 6�'l@-�m�»�¢

2.
X ò.���� �n�-po0Æ.C	q�rJ-�m�»�¢
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- 2 s2t2u>v2wYO � 69<SR@H�I�xZ-
Ç�È�ÆZC (= ���� Pn�l ) DYT�UJ-
þ�ÿ ey:{z�| ��Ë ³2<úJ} =�Q2? <~R�� � 7 &���ó�6J� 2 �2-�%'&�( Q ���� �nZuf��ß���� M2N�� < } 72� 6���6
-f%�&�( =p��� ������ 	n����2-�� Ó�� �+x = ���� 	n�l } Þ < ( � 2.11) R X ò.���� 	n�l
u � j � �p� 7 ø : � G2- 8�� Þ���� Q X ò����� 	nJ-+o���C	q2rJ-fm����yu � <~R

i.
X òZ���� Pn@��-��'� 1 � ey: U����'����� ��� r � <PU��' @-+¡�¢�£yu 7�� -p�'�2-X2¤�¥�¦~§2¨ 7 %f&�(Z© Q -+ª�« ey:­¬'® �28 <~¯�°²±´³pµ 7+¶ ¨ -�·.¸�¹�º ¦�� u	»¼ � w�½�¾ � <�R�¿+-pU��'  � D ¬�® T�U2À k Q ¦ � 7@Á@Â ��Ã�Ä�Å�UyÆSÇ.©p6y<�R

ii. È�É � U����'����� Q ·.¸@ÊË6���U�����  } i.
Q ½'¾ÌÊË69<b£9uPÍ'Î � 7 X ®ZÏ �� Pn

-�Ðfq�r�Ñ Q -+���� �u	ÒpÓÌÆ.Ô 7pÕ (2.29)
} Í�Î � <�¿ } Q�Ï�Ö�× npq�rJØP  Ne(X)

u�Ù � <�R
X ®.Ï�Ö�× n =�Ú'ÛZÜ � r � <+© Q�Ü	Ý �ßÞ�à�á�â n�- 90 % ã�ä�D 7 Ï�Ö�× nZå�-p�'����æ
-p�'«�ç ÝZÜ 8 <�ÆY- Q�è <+- Q 7 M�N Êb6�� Ï�Ö�× npq�rJØ	  Ne(X)

ey: ã�é�- Õ (2.32)Ü 8 ÔêF�G'H�Ifx.- Þ�à�á�â n E0
=p� ©@<�R

E0 =
ε0
Xrad

∫

Ne (X) dX (2.32)

¿'¿ Q 7 Xrad D ¬f® å Q - A'B�ë Q 38.0 g/cm2
7
ε D ¬f®@Ü	ì�� <�í+î Þ'à�áZâ n Q 84 MeVQ�è <�R�©�� 7 Ï�Ö�× n2-+o���CPq2r2-�ï�� ( � Ü�ð�¬ q�r�ñòÊ Xmax)

e;: 7 F�G�ó��@-+ôõ ='öf÷@Q�è <�R
¿+- 8�� Ü 7 ¬'® T�U�V Ü 8 < M�NJQ D 7 Ï�Ö�× n�q2rJØY 9u~øJj Q2? <p- Q'Ú'Û ·�¸	ùÜ 8 < M2NZÜ Í�ú�< }{û : 6;<>h�i�ü =�ý�þ R�F�G�H�I�x.- Þ�à'á�â n�Æ	ÿyÃ���� á�� ½�¾Ü��	��� <�¿ } ¦�
 � j Q�? <�R���À � 7 ¿+-p��V Q Þ�à�á�â nZu N j � < Ü D 7 ¬�® åf-¬�® T�U'q�U�¹�º 7 ¬'® å Q -
����UJ-+¯�° ± ³�µ 7�� -�� B º 7 Å	� á�� n��'³fµ�º 7 U

�����'������ü'��¹�º ¦�� u � ú2w+Ó���ä���w�� k! �"�# w þ 
%$'& =�è Ô)(+*�,.-0/�u�1� 
 ��2 ��3 ¿ } D�4	5 Q D ¦ þ R

2.3.5 6�798;:�<+=�>;?�@BA�CED FHG�I
J	K'LNM
O Þ�à'á�â n��
P���ó2��Q ®	R å�u�S.T �U3 } ( ®	R æ��;V	q�U ��3 R+WYX } ¦ 3 �'Z��[ Q ¦�
�¦ _ �p��(�U+��\N]+Q�Í�Î ¥�^_
 ( 10−3 s ã�é ) `ba ��3 Æ
��u�T�U } þ�þ ( � �Q ¦ þ Æ���u�c�Ã~U }ed�f R ¬�® T�U�V�P���ó��.g X x ¦�� Q
hbi.å�u!S�T ��3 É Ü (�h	i
åN������uej�k � w Þ�à�á�â nZu Ý�þ ( � � Þ�à'á�â n���l�Z�Q�U }�� w�m9¸ZÊon 3 Æp� Qè�3 R ¿�¿ Q VN(�È�É0� M2N�ì�q } ¦ 3er ë.s't 300 ∼ 400 nm

Q � ¬'® T�U+��q�U�Tbu Ü
� þ w
v�ú 3 R� ��q@U Þ�à�á;â n'w § V0(�x'�'� s�t Q Vby Ü N+

2 first negative (1N) band system

(B2II+u → X2II+g )
} ( N2 second positive (2P) band system(C3II+u → B3II+g )

Q�è�3 R
j'k Ê%n2�fæ��+� Ýbz Tbu Ü V 3 S Ô%Q�»�{�|}n 3 R
1. ~.mb�b�b�0Tbu ( �
Z	��� )

2. mb���	�	T	u ( �b��(�cYÃ�� )
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� 2.11:
¬'® �b� Ü���3!��®.Ï�Ö�× n����N� �S�����;�����@�

3. æ�� ¤ Þ�à�á�â n��0�
~�m.�N�.��T.u+V�(�j	k;Ê�n��+æ'�'Qp��� Þ'àfá.â n Ýbz (	��ZN�N��(p* ¤ �N/ Ü'� Ô��b�� �!� cYÃ���u�mb� � ¦ þ'�fÝbz���3 �	�0T	u ��è�3e� mb�b�b�0TbuYV.(�j�k�Ê%nJ�f������ Q�����u�m�¸ ��3 ¿ } Ü+� Ô�( � Ô)��� ¦ � � Ü �b� ��3 T	u ��è�3e� �b��u~q ��3 �	�� V'���'Ã ý�� ]�Q�� " | ¦ þ � ÜYì � ( c�Ã!� � V'���'Ã ý�� ]�QN� " 3�� ã�ä��N¡����

�	�	Tbu;Q�æ��+� � � Ý	z T0u �2è�3�� æ�� ¤ Þ�à'á�â
¢ �0�;V�(�æ��;£�¤'�p¥0¦ Ü�� Ô�j
kb� � Qp�0�ÌÆ � 
 V��b�òÊon2w Ýbz���3 T	u ��è�3e� È�É'� Ý	z Tbu Ü V@¿en§|e�.¨���Q©  � w � Ôª(	�0�ÌÊ%n 3 �.m	�;��«N¬ � ����­ ��ü+VZ¿en§|�� Ýbz T	uY�
®'¯ �2è�3e��¬® �b� Ü��.3%­ ��º�(�° ì \�]�± Û 2.1 (�� 2.12

Ü!²��
[34] [35]

� ° ì \�]�æ�³�V�y Ü�r ë
300 nm ´U| 400 nm � ¤ � þ 
 ��´	��µ	¶Y·
¸�¹»º á ´U| ¦ 3 ¿�¼!Q " ´ 3��

½�¾+¿pÀ�Á	Â M
h0i9å0±�SbT0Ã 3 P���ó2�;��Ä	] v Q	Å'��h'i�å � ��Ä0] c/n (c V
�	Ä	]+( n V
h0i;�Æ	Ç º )

� Ô ¬;Èpþ ¼ È (�ó��+�pÉ.Ê Ü
Ë+Ì.Í h	i�Q ­ Ã 3 ��± ÁJÂ�Î Ã�Ä�Å��9¼ þ§ÏÐ�Á�Â�Î Ã�ÄfÅ!�+V>ó�����ÑbÒ��;Ó Ü�ìÕÔÖÍ θ �p×.]�± ¦ Ã r0Ø ¼ ÔÖÍ �'��ÊÙn 3Ö��Ú À Ô (
θ = cos−1

( c

nv

)

(2.33)

��è�3o�
1
®.Û � ¬'®�Ü � þ0Í n ∼ 1.00029

��è�3 � � (�Å0�pmb�0× θ V�Ü 1.4 Ý%(����+�[  ( ÁJÂ�Î Ã�Ä�Å���±�m	�	Ã 3 Þ�à�á�â
¢ �bÞ+£�VpÜ 21 MeV
��è�3e�

r ë
λ ������ YV

d2N

dxdλ
=

2παz2

λ2

(

1 − c2

n2v2

)

(2.34)

=
2παz2

λ2
sin2 θ (2.35)
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r ë
(nm) band system ß	� � (v′) à.� � (v′′) E0(×10−2)

297.7 2P 2 0 0.016

311.7 2P 3 2 0.005

313.6 2P 2 1 0.029

315.9 2P 1 0 0.050

328.5 2P 3 3 0.015

330.9 2P 2 2 0.002

333.9 2P 1 1 0.004

337.1 2P 0 0 0.082

346.9 2P 3 4 0.006

350.0 2P 2 3 0.004

353.7 2P 1 2 0.029

357.7 2P 0 1 0.062

367.2 2P 3 5 0.005

371.1 2P 2 4 0.010

375.6 2P 1 3 0.027

380.5 2P 0 2 0,021

389.4 2P 3 6 0.003

391.4 1N 0 0 0.330

394.3 2P 2 5 0.006

399.8 2P 1 4 0.016

405.9 2P 0 3 0.007

Û
2.1: N2 ��¥'¦ Ü���3 �b��Q ¦ þ ¼ Ô�Ú ¼ È � ­ ��¹�º E0 � r ë.s0t 300 ∼ 400nm

� �
£ [34]
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á
2.12:

¬�® �b�+� r ë ·
¸E¹âº á [35]
�'ã	ä Vp���' ;�p° ì £ ��è�3

¼ ¦ 3%� ¿'¿ � ( α = e2/4πε0~c = 1/137 V�å	æ��	çb�p  ��è Ôª( z V�è�i���W���é'ê ��è03%�
È�É'� ��®�Ï�Ö�× ¢ å � V θ Vpë Ê þ Æ
�b��( Ï�Ö�× ¢ åN�pP���ó��+�
×b]�æ�³�� Ú�ì�ÜÁ@ÂYÎ Ã�Ä�Å����pmb�0×�æ�³�V
í�QòÔª(�Ê'| Ü ·�¸ZÊ%n 3 Á@ÂYÎ Ã�Ä�Å��YV ¬�® å � �+¯�°
��î	ïE±�ð�ñ Í'þY3e� ¿p� Ú�ì ( Ï�Ö�× ¢ ä ´ò| θ ã�ä Ü «	n Ú s	t ��è�Ì.Í Æ�(
����ÊÖn3	¬'® �	��ü ÜYìÕÔeÍ�óbô Ã 3 ÁZÂYÎ Ã�Ä�Å��+����üY±�~Nõ ��È ¦ þN� ¿p� ��ÏbÜ ÁJÂ�Î Ã
Ä'Å��+V ¬'® �b���
ö9÷�¹bø0ù�ú�Ã9ûü�9¼ ¦ Ô}*�,�-'/+�pW�XE¼ ¦ 3�Ú'ì (�ý ¢;��þ	ÿ �'ÉÜ V�� q�� ¼ Ü�ó.ô Ã 3 ÁJÂ�Î Ã�Ä�Å��E±YÒ�Ó�Æ 3 $�& Q è�3e�

��� M
� � ´U|	� 3 ��± ��
 �9¼ þ�þ (;y�¼ ÔoÍ
� � 3 ���Y�
�
�Y´ò|	� 3 � ��è�3o�

1. ���	��� Ú�� ä
�����+�pæ���(	W���� ­ Ã 3 �
2. ���	�����! N*����#"�Q#�$ ���±&%�' ÔeÚ �
3. ( � ���)(.g�(�*��,+�Ó'�
- n�|e�
�;Vp�b�bÃ 3 DC .0ø�/ á ¼ ÔoÍ10$2 �
��3���4�5�6 ��798;: n 3o� 2�<�=�>@?�.3 ¼Ö( ��
 �BA!µ']+V 320S10(vis)

(

1S10(vis) = 1.20 × 10−9 erg cm−2sec−1 sr−1
◦

A
−1
)

¼: n Í�C�3o���
 �YV r�D 557.7 nm ?#E�F.WG�@? �	3 \ C � ¢ ¹	±IH Ì�Í �KJ (1L�MY·�¸E¹ ºON�PGQ
?#R C0Í V r�D Q DTSIU!V ?1R�n Í �GWGX14�Y ÔeÍ�CZV�� - A �EÏ ?
[ ��
 �!X D�\�D�]Y�
4�Y�^EÓ�?�_ V - ¼`[ � �!��� �@.Bacb Î ¢ .edca!�$f�gB? \�D 300 ∼ 400 nm A
��´eh UV - ¼�±&i@j V ¼k[ \�D 300 ∼ 400 nm Ap�$?cl ÔÖÍIm�n A�_ V � 7@8po ±pq�r�Ã V - ¼ � [��
 �!A�î	ï�±ps UtS0Ô [ � �@.�u�v ¢ ´ehI.Ga�b Î ¢ .ed�apwE±&xGyBz S|{!} Ã V - ¼&X��È�Vo�
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¿�~��������e�B�������
Î���� ¢ %�'!f1����Q��;?!� V %G'G��[;Å�A�%�'��By!f

%�' \G�
nô���\G�
n =
8π4Nα

(

1 + cos2 θ
)

λ4r2
(2.36)

���;j@h	� V`� -�- ��[ N f�å��B�!A��![ α f#Q���yG[ θ fc%�'�×B[ λ f \�D [ r f�%�'��
´�h {G}��G� ��A#���!�G_ V��Î������ %�'GX \�D � J|� Qbë :,U
 1¡ Ac¢B3�� � ?!� V w!A1%�'!��_ V A�?#l Ô [ \�D
?#l Ô�£ õ@�!¤ U�C �@¤ : A�¢!3�� � ?$� V %G'Z¥ ¦ � %�'T§ C©¨ª� g$?1���¬«
A�­�®°¯±[²!³!´�µ N ( ¶;[t·�¸![
"![c¹ Utº ) ?B��»�¼�½ - V��¾ �B¿��!A#%�';?B� V ����À�ÁBy!f1Â
Ã@ÄB?#ÅGÆ�A�Ç!A;� ¨ ?�>�È V��ÊÉ �Ë��� %�'!A�ÌÍ f

TRayleigh = exp

[

− Xtrans

XRayleigh

(

400

λ

)4
]

(2.37)

-�- � Xtrans f1w$A�Î�Á�Ï V slant depth [g/cm2] [ XRayleigh f É ����� %�'$A�Ð �GD �
2974 g/cm2 [ λ f#w!A \�D �G_ V`� ¦ � %�'BA#Ì Í f

TMie = exp

[(

e−
h
eff
v

hm − e−
h
eff
d

hm

)

hm

lm cos θ

(

1 − hm tan θ

R

)

− hm tan θ

Rlm cos θ

(

heff
v e−

h
eff
v

hm − heff
d e−

h
eff
d

hm

)]

(2.38)

§ UBVk� hm f ²G³B´�µ N�Q1Ñ@A�®�Ò � NGÓ�[ lm f ¦ � %�'GA1Ô�ÕTÖ,×pØ�Ù$[ R f#Ú�Û�Ü ¡
[m] [ heff

v , heff
d f
Æ�Ç$?B� V��

heff
v = hv (hdet − hhill) , heff

d = hd (hdet − hhill) (2.39)

¾ AcÝ;A1Þ��t?�R C ¼�f�ß 2.13 ?Ià�á`â �É ����� %�'$?!� V&ã�ä A�À�ÁBy!f ã�ä Q�å$A,æ n$ç h�è$é U�ê�ë ��ì@í¬h�� V X�[K¦ �î�ï ?B� V À�Á�y!f ã�ä «
A�­�®Ê¯ð¸ ²B³;´�µ N�Q
ÑtAcñGåZ?Iò�ó�Ï V âBí�[ ã�ä�ôGõBö �
?!� V&÷�}Bç hùøBú�Ï Vpû�ü XB_ Vp�

2.3.6 ý¬þ@ÿ����������
	���

�BÓ ²�� N�� ���
��� f ������� ��A��
�;Ä U! �#"�$�¸�%
&@A!'
(T§*),+�R C ¼ C@V §

itj@h��B[ {G} )�-$X/.10/2 �B¼ C@Vp� á ç á�[�3
4�5 n A�s U 2�§ {B} A�68792 ç h�[��
Ó ²�� N�� ���
���;: ½/<�=�R?>�¼ :A@�B Ä�CED9f �#F!G h	�!¼�> U > �

H�I/J
K �
L#M�NPO J
ß 2.14 = akeno - AGASA [ HiRes(High Resolution Fly’s Eye)I - HiResII [ Auger (Pierre

Auger Observatory) [ Yakutsk
:�Q {�}/R�S � G h|��â ²/��T � � ®VU;WË¯ T ¥�à�Ï [19] [22]

[25] [26]
�YX : ß�f�[Gß 2.1

:,Z �1à12��!â ²#��T � �/[�\ =�]�^ V B�_��,����`?a�b W
®
= E3 ¥ ç ^
âZ· : �G_ Vp��X : ß ç h ÷#c�d § :�e�@ Ä�f�g$X ã ¤;h	[ � â 1019eV Å�i
� AGASA §kj,l?m ÷�c )�-�n#ó�o�Ï�m X §pn�q ç m � AGASA f�Ú�r���å/sut o ¥&r
>�â
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vwvvwvvwvxwxxwxxwx

ywywywywyywywywywyywywywywyywywywywy
zwzwzwzwzzwzwzwzwzzwzwzwzwzzwzwzwzwzdetector

h_det

hv

h_hill

X_trans

ß 2.13: ¦ � î�ï :!{|a/}#� ö

ß 2.14: j�l,m ÷�c � : �BÓ ²���T � ���
���u: ²���T � � ®�U�W ¯ T [19][22][25][26]
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{B} ��_,m : =clTá`¼�[ HiRes f ã�ä#~ w#������=!��m {G} ¥pØ�>�[ GZK � b ¯�� `�: ó
oe¥pà���Ï|mp)�-9¥p�
r�á�â �� â Auger fE��Ü�Û : ³!T�� a�b;a#�E"/o#�
�9« :!����� {G}�÷�c �G_��ù[�Ú�r�s;t o §ã�ä�~ w��E�/�9¥��,� Í q,È!¼ {�} ¥`Ø$»�¼/>�m � Auger

: )/-¬· HiRes §p�`ñ,� GZK � b
¯�� ` ¥8��ú�Ï|m�)�-T§pl�»1¼/>um � á ç á�� Auger

: Ú/r�s;t o f AGASA
:��,a ®�b b

W��Gacb É � �¬d�a�s;t o §,f�j�lY�����t«��V��Ï|mcb�� É a#� ` w9¥�s�tcÏ�m��Bb�� É a
� ` s;t o �G_?m � �Bb�� É a#� ` s;t o f�g�=9¦V� � �Za�¥ps�t,Ï�m1â�í�� � ä ��uGv �
« :!��� ´��¡ ?¢#£ r :�¤�¥ ¥8¦|^I¸�Ï�> [50]

� ¾ : âGí���Ú�r�s;t�§K§ ã�ä�~ w����#��¥
��� Í q�È$â ²���T � ��¨ ú#©t¥pª?«Ëáp¼/]¬�­�!Ú�r�s;t�§ F ^1� ²���T � � ¥,ì@í�¼�>�m:�®

AGASA
F ^1�
¯�m �$� â�� Auger

® ��Ü1Û�� AGASA
®!° Ü�ÛG�8±�²@¥pØ;»�¼/>�m#â

í�±?²�³/´�l [#\ ·�j�l�m �
AGASA

: ²���T � �/¨ ú/µ
¶ ® 18 % � HiRes 22% � Auger 22 % ·�¯��­��2�¸8= ® Ï
¹
¼ : ±?² R#S ®V¨ ú�µ#¶Ë§��cÙ#¶ : ã ¤u2 :/e�@ ÄAf?gt¥�º?» � ¾ : âGí GZK � b ¯�� `: ó�¼;=A»
>�¼ ®8½ ú�Ä?lV)�¾ ® G ¸��$¼�>�l�> �

¿
À�Á�ÂAÃ�Ä

AGASA =�Å�m�±?² ® � doublet/triplet Æ�$ ® ó�o©á�¼�>;m!n����!Ó ²���T � �/�����u:
3�4�ÇuÈ ®8É & :  � §kÇuÈ :  uÊ ® l�>�§¡> ¨ · : ·�¯�»�âAËB Ç�� Auger

®
2007 Ì�=�Í$Ó ²���T � �������;: 3?4�Ç�È!Î�Ñ ® 71 Mpc Å�Ï : AGN

§ :  �Ê ¥`à�ÏT§��#rTákâ [16] Ë�ß 2.15
® � Auger ·8±�²�2ÑÐGâVÍGÓ ²��/T � �����E��: 3

4�Ç;ÈAÎ�Ñ�¥�Ò�Ó�Ô�Õu·1àKápâZ· : ·?¯�mpË�Ö?>#× ® 71 Mpc Å�Ï : AGN
: Ç�È�¥�r�á¡�Z�® ÍBÓ ²���T � ���
���;: 3�4�Ç;È
=VØ�áp¼�Ü ¡ 3.2 ¶ :!Ù�Ú ¥&à�ÏEË X :?Z�: ã ¤�2 ®

Auger
: ÇuÈ ¨ ú/µ#¶T§ÛÒ�Ó�Ü�Ì :�¤
¥ ¥VÝ;Þ�â!ßu·�¯�m�ËÊá ç á ¾ :Aà ±?²�n!á,â�=!»�Ð

¼�� AGN § :  ;Ê ®!ã 2#h�l�»�¼/]ä����½/<  
å : �1ú�= ®Eæ »�¼�>,l�>�Ëç à#è�é��#: ±,²#ê#ë ö ¥�ì�>��YÅ;��Ó#>�µ�¶9¥�·�»�¼ ²���T �Aë §í3?4�ÇuÈG¥,ì@í/�
Í
Ó ²���T �Aë �
���;: ½/<e¥¡D�î�Ï�m X §¡n��,ï�ÐB¼�>um¡Ë
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ß 2.15: Auger ·�±,²Y2ÑÐ!â 57 EeV Å#i : ÍBÓ ²���T �Aë �
���u: 3
4�Ç;È�n 3.2 ¶u=  ð Ï|m Z ·�à12ÑÐB¼�>;m [16] Ë,ñ
> [#\;®Vò�:!ó 28·�ô#õ,ö ��:E÷ >;¥8rKá�¼�>�m�Ë�Ö�>�×®
71 Mpc Å�Ï :Eø 12 ù the catalog of quasars and active nuclei [36] =!ú
ûü2�Ð!¼�>�m

AGN
:8ý S�þ à�á`¼�>;m
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ÿ
3 � � � � � � � � �

	�

��������������������� �"!$#%	'&�(*),+�-/.
AGASA

�10�2$3�46587
100 km2

�*9: 3<;=3
1
!">?�"@BADC�!$E?F?ADG

AGASA
#

100 km2
�
9 : 3

111 H � �8I�JLK � �BMION'PDQ,R1S�TVU .�WYX[ZL\^] _ ��`�a � R 0�2 UOb GdcO5$384�Xe. N'P1f ! R g*h ��ikjKml �on,pmq"r$3ts 5 u?vkw
x'y A�c?zt3<{�| U ."}$~ �<{"� RD�$b G U n U .��"� v �k�� ; R1� ( AGASA
# f !8.�� T
��� z��*3��*j$3�� U . 2004

;�3D0?2 R<�?�BUOb G� c�E .
	?
 � �������������'���"�����o�Lz/�
���'�k� b &�.����"���k�$ ��%¡ b ������"082�¢"£o¤*¥'¦�§ b G � 5o¤*�����?¨ ©"ªo¢�£ (Telescope Array Experiment, TA)
EF?A6G

3.1 «­¬¯®­°¯±³²­´¯µ·¶ ¸º¹�k�*��¨
©�ª�¢�£8#
.k}
_"» ¼"¨
©�ª
(Fluorescence Detector, FD)

zm9 : N�POQ (Surface

Detector, SD) ½'K¿¾oR � TYU . AGASA
�ts

7 u � f !�E<	�
����
�����
�k�*�$��] _ � `a � R 0?2 @BA1À�Á
Â Ã�}8��	?
"� �"�'�������
�"0?2"� T E�F8A6GÄc��*¢ £o�
Å?�ÇÆ�È�#v�É �=zËÊÌX^E�F�AOG
• Í �o��	o
"�"�"����� ������0?2�¢k£L4'X��60?2�Î�!$.�ÏkÐ N=P�Ñ�Ò,R1Ó�Ô 3 È�w +Õ .

1020eV RDÖÇ× A super-GZK
����������� R �$�
@,A6G'���
��¨�© ª�¢"£�3o4kA0�2?E�#
. N'P +Ë5=A1] _ ��`�a � Ø�Ù�� 10%

#�} _k»"¼�¨
©"ªºz/9 :
Ú?Û N'P1Q 34 A�  h 0?2"Ø"Ù ( Ü�¾�ÝYÞ�ß,àá¾�lBIºâ ) 3"�?A*� E .oã N�PDQ�ä�å 384"ADæ�ç8nLp� ��������è"é
�
�$�
ê�ë�ì�í R 15% v�É 3%î × A6G
•
	�

���
�'�����k�*���*ï���ðtñ R �kò @=A6G��k����¨�©�ªkókô�Ek#�. AGASA

3<õ U(�s
12 u �*Ï Ð N�P�Ñ�ÒBR Ï"@,ADGöc�� x�÷ Ï Ð N'P�Ñ�Ò 384�§�(�ë�ø�ù Rtú�ûºU .  h 3�q"ü �����'������ý È�R 1.0◦ v�É ��Î"!oE�ò'&�Akc8z R Æÿþ�@�G

•
	�

���
�'�����k�*��� Ú�Û�� R  ���@=AOG"	�

� �
���������*��#%�*�������	��zt3q ü
�k�*����
"{Vz U (�� Û .�
?.�� I�� � û���� � âDÞ�� ���t3�4"A��8��A�
"{8¤��� +^58(
ÊºX�.�
�{����'#��
�k���k�*}�~��! $E�F8A6G

3.2 «­¬¯®­°¯±³²­´¯µ·¶#"%$
*Ð�&��
FD
0�2?� b & 3 #*
 ÷('�) &�.�*$�%!o��
 ÷ ]�_Vz,+ ÷.- ]?¤�/10�E�F,X�. SD½,K6¾=R�2 ��@YA b &�3�# x }$E�314'� 2 9$¤(/50$EoF$AtGöct5öpt��687�n p1.��?���o¨©kª?¢k£$�<082"� T #��:9�;:<>=@?BA�� àDC ��E�F�G�H891I (

3�J"Èo

1400 m

.�} _LKÌ+
860 g/cm2)

3<� T +Ë5 b G
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SD ½BKË¾ # 1.2 km M�N E�O�PÌpm5 b 507 H �LQRA�è JBß.SLT?I�JLK � TÇM�ION=PtQ npO�,X�. N�P�Ñ�Ò #ts 700 km2
E�F�AËG

FD
è�U � T�MtI # ½�Km¾�VLW � 3 XZY 31s 35 kmM�N E�� T +Ë5?( ÷ A6G 1 [ � è�Uk� T=M%I 3 12 H ¦ b # 14 H �*¨
©"ª$¤�� T +Ë5�.�ó�FE

38 H E�F8ADG�9 :�\ -tE�]5^ @,A�_=�8�1��`1a R�b	c A b &�3
.?è�U�� TBM%I # Ved np
100 f 200 m


 ÷(Y 3 T n
5o( ÷ AOG�� T � S�Thg z FD
è(U�� TÇM�I ��i�j R(g 3.13>kk@*G

SD ½ÇK/¾�w ] R FD
�!ilj�E.m ÷ . ����@BAO����� R 2 [ ���8�?A N'P1Q E<0?2@BAkc?zD¤(n � E�F?A6G 3 [ � FD
è(U"� T=M<I # w n,p h øloYXO3 Middle Drum (MD)

èU�� TBM%I . Black Rock Mesa (BRM)
è(U�� TBM%I . Long Ridge (LR)

è(U�� TBM%I E?FAËG @8E�3t� T �"�$#>p �BU . 2008
;

3 q"v W . FD
z

SD
3�4 A��Lr%0�2?¤>s c p[5?( ÷AËG8¦ b . LR

è�U � T�MtI # 2009
;

4 q"v W.tLu�E�vLwY+/5?(�ÊÌXe. BRM
è�U � T�MtIn,pO� Þ �k� âyx�z 3?4�§�(%0�2?¤B{R|�5?( ÷ ADG

g 3.1:
���
�8¨ ©"ª8¢"£'3�Ê c AD� T � S�Thg Gh}�~������L�$¤ FD

è�Uk� TÇM�I .(}�~�B�l��#
FD
�!ilj�.��L~o�������o¤�9 : N'PtQBR : @�G g �l�.�����(~o�����$#1�>� K �� �
� T (Central Laser Facility) R kk@*G

3.3 ������� °¯±³²
FD
#�]"_ T�`�a �o3?4"A1}�_�»�¼ R Â Ñ ª$E��?¼ U . � 5 R PMT ��� A*E.��� U (%02"@ÇAO� T E�F�A6G
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g 3.2: BRM
è�Uk� TÇM�I �!�k0 ( �ow )

.
BRM

è(U�� TBM%I�� ��¨ ©"ª ( �8w )
G

MD
èUk� TÇM�I ����0dz/¨
©"ª ( É )

�k�*��¨
©�ª�¢�£8E�#
FD
#

3 XZY � è�U � T�MtI 3���� U (�� T +^5?( ÷ A�¤". � 5 p���¡ 
MD

è(U"� TBM%I 3"F?A 14 ¢ #
. HiRes
E�£1wL+Ë5?( ÷�b ¨�© ª RZ¤ � U6b ���"EF?A6G?q�ý8E

BRM
è�Uk� T=M%I z LR

è�Uk� T=M%I 3 #oc���¢ £8� b &k3t¡ b 3<��ø�.�¥¦ +^5 b � 5�§�5©¨«ª 3 m
��Â Ñ ª R�¬1[ ¨
©"ª$¤.­h® 12 H�¯1[ � T +^58( ÷ ( .�è�Uk�TBM%I ó�ôoE�ý�°h� 108◦
.%±l�

3◦ ∼ 33◦ R 0?2k@,A ( g 3.2)
Gk082 R {'��|�� ÷ z%~"# .è�Uk� TÇM�I ��ó$(�� T�`6ß <��?¤l²"¦ X[¨ ©kª�¤.³�´º+65ÇADGB¦ b .�è�Uk� TÇM�I�� 3k#���h<�µ(�?� K!Söâ·¶��5S è,ze082 x�z � T ¤ Ó�¸ +Ë58( ÷ A�¹ IÌâº¶ �������h»�z T�¼ÄâÍ Ø�½$�>¾�¿�À�¤�F�AËG?è�U"� T'M1I.� �.Á���Â�Ã�w?��]lÁ�Ä�#�} ) 2 [ ¤%� T +/5?(�ÊVXe.} _k»"¼o�t0?2 h�M�� . 0�2 h1M �ºz·/�0o�.Á�Å�ù83>ÆÈÇO(�£ ÷(É�c pm58( ÷ AOG

3.3.1 Ê:Ë	Ì¨
©"ª��
Å*ª'#!Í"{�Â Ñ ª�E�F�ADG�¨
© ª 1 ¢ �>iljo#
. ý�°�� ý:Î"3 18◦
..±1�"ýeÎ"3

15.5◦
E�F�AOG,c���¨
©"ª R�Ï
Ô 3�Ð1Ñ�A�c?z<3?4�§�( .(±l�o# w�Ô ��¨
© ª�¤ 3◦ ∼ 18.5◦

.
É�Ô ¤ 18.5◦ ∼ 33◦

zD�BXe.1ó"ô?Ek#
3◦ ∼ 33◦ R��.Ò �
@=AËG(­?è�U � T�M1I 3�#�.>Í�ø 12¢ �*¨
©"ª$¤BÓL��3 S�T +658.�ý�°��o#�ókô8E 108◦

3"�?AOG5Ô�ï Ñ � PMT �l� A�E.Õ1Öè�× ßYâÙØ�¾�Ú #�.�Û�zZÜ8�1�>i�j?E"Á.ÝhÞo3 U ( 30 mm v�É 3 �8Ak4ß�^3!àLáº+Ë5o( ÊXe.'cD5o#
PMT

��}$~o+
( â ���o��Þ 61 mm)

3�ã�Pk� É )Y+ ÷ G
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g 3.3: FD
��� � ¾=I ( � )

z,äeå ��IÌâ ?!A%���B� � ¾=I ( � )

¨
©"ª�3�£:|�5ÇADÂ Ñ ª'# . â ��� R�U6b äeå ��IÌâ ?.A<� 18 æ nBpD�8A5¨«ª 3.3 m
�Í�{�Â Ñ ª�E?F?A ( g 3.3)

G�ä�å �?Iöâ ?.A��?��ç�è1��éeê�ë 2
ý�Î�ì>à�íhn(îRïlð5ñZò,¦ó ëBÍ�ô�Â Ñ�õ:ö �B�5ì�êBä�å ��÷öâ ?.A�ø5ê.ù�ú©û�ü5ý Ê©þ ¯ ë PMT ö�ä õhÿ ¾ß÷����ç��8ñ ó�� ö	��

� ú (Xe ¼����!T
� ø ) � ç�� è c þºü�ý��:ñ [27]

òläeå �l÷Ìâ���� ø ö�1��� ÷ ê����� �! � 660 mm ö�â#"�$ ïLë�%�&�ê 11 mm
ë('�)
*,+:ê

6067 ± 40 mm
ïð1ñ�ò�-	.eê

Tempax glass
ï(ë�/10�ì(ê

Anodization
ì�2�3�ý

Al2O3 ��4 ø�5�6 ÷�7 û üý��eñ�ò
8�9
)5ê(ë�:�;�<
300nm ∼ 450 nm

ï
80 % =�> ïlðlñZò

3.3.2 PMT ?A@AB
PMT ( �1C�D�E�F
G ) H�I�� ê(ë 16 × 16 ö�JLK ��M ì�N�O©þ ü ó 256 PRö PMT Q þSRô û,ülý�TU� ëV8�9 õRö�W1X 0�ìZY�ú û ü�ñ ( [ 3.4)

ò
PMT H
I1�Z\�] ê PMT ^_H
I1�	`ö#abK,cÄâed	f(c#g��Zh
i�jkQ þml1n
��ñ ó�� ìZoLp�q�r ^�s 3(ý���ñZò PMT

ê	t�uwv â
f(c	g�x R9508 ��y ��ë 1 P ï�z 1◦ × 1◦ ö�{�|}��~�� ë���ü �,���Rö	�#� î:ìV�A���	ñ�ò
PMT ö������(� ê,�1�:ì,��� èA��þºü ó1��� Jh÷ � ì(2�� E�� û¡ü5ë�� �	c#g	� 0hì�ð5ñ� ��� ����� �Z�A�w� ý � øk V¡�¢(£k¤�¥ þºüL¦¨§ª©�«�¬	­�®���¯�°�±�¦Z²�³�´ �5ö :�;�<µ	¶ ¤

300 nm ∼ 400 nm
°1±�¦ ö °�¬�· öV¸hö :�;�< ö�¹���c�7���º�»b¼½�}��HA�,â �A¦,«� ¤�¬�¾�¿1À

PMT
À �1C 0 > ¤ µ ¹L»b¼ � g�Á 6 �  	Â ^1�¨Ã SCHOTT x BG3 � �Ä�Å �wÆeÇ Ã �}¦È§ÊÉ�ÆZ¤#¬ PMT H�I�� ¤ µ ¬ 300 nm =�Ë À�:�;�<}¤�� �¨Ã�Ì
Í ) � 90 %

=1> À c1��KÎx � ��7��	g -UV00 ��y � Ã �}¦È§

3.3.3 Ï�Ð�Ñ1ÒÔÓÖÕ�×ÔØkÙ
� Â( Z¡#¢�Ú g 5�Û�ÀVÜ�Ý [�Þ#[ 3.5

¤Zß��
[28]
§

PMT à À�áVâ C	ã µ�ä PMT å�æ °�¬ä
PMT

°�ç � »�� 8 × 104 ^Zs ¦�2�è_¤Vé�êw¬1ë�ìÖÉíÇ Ã �w¦¨§ PMT î �kÀ �ª� J(» �À�ç � » µ 5 F °�¬ PMT Þ�ï � «ñðòÂk  � °1À�ç � »	� 4 × 106 ^Vs 3 Ã ��¦�§ PMT
À

������� µ ��� J(» � ° E
� É_Ç�¬ H�I
�#` �w¤�YA�}ÆeÇ(« � ��� ����� ÞV���}�¨Ã Signal

31



[ 3.4: PMT H�I�� ( ó ) ^ BG3 Þ �Ä�mô}�	« PMT(R9508)( õ )

Digitizer and Finder (SDF) ök÷
ø Â � ¤�¥�ÆùÇ�¦Z§úð �_û ÂkÚ g 5�Û�¤ µ ¬ SDF
¬

Track

Finder (TF)
¬

Central Trigger Distributor (CTD)
À

3 ü�ý À ö�÷
ø Â � ��þ�y É_ÇA¦È§
SDF SDF

µ I � »#Jk» � ¬ FADC Q Æ s ¦ �k��ÿ�� £ ^ ¬ � Â} �¡�¢(é�êLÀ1« � À ð �û Â�����À��	�(À�
���°1±�¦ �(��
�� À�« � À��	�����
£ ����� ÉíÇ(« VME9U1 � À
ök÷
ø Â � °�±(¦¨§ 1 öw÷1ø Â � ° 16 �
�AÞ�~L� ¬ 1 H�I�� ±�«U� 16 � À SDF Þ���A¦_§ I � »�J(» � ������� µ���� 12 bit

¬
40 MHz �k» ��� »#7 À Flash ADC

¤
2	3 Ã � ÷   ��� ÉíÇ(«,�(¬��� !�L¦ 4 �w» � � (100 ns) " ¤$# � ±	%}ÉíÇ Ã
I � »
¹b�	Á!&#I,ö � Âk¤ ÿ	� É¨ÇÔ¦Z§ �	' » ð�ð �íû Â ��( ���ª¦ � Âk  µ ¹U�	Á!&#I	ö� Â Q Æ*) »�� � »,+	-�.(àª^ 1 Á�K Â�Û (12.8µs) Þ 1 /$0Ä^��_Ã�1 ¥�ÉíÇ�l!2�É_Ç¦_§�N�3w¤	¬ ¹ª��Á�& � »#7 É Ç�« � Â( �¤�� �ÈÃV�(��
	�!465
� 3�%,ÇA¦È§ Á�K Â�Û7 ^ ¤,²�³ �(�986:ÔÞ<;>=U� ¬ S/N ��+�- ÉÈÇ�¬�?
� Q ÆA@CB}¤�Y 5 ÉÈÇL¦ �$D ��E
Þ,F>G ¤ ��� À���H ��4�I É_Ç ( Á!& Â g ð K ' � ð �íû Â )

¬
·�ÀKJ�L � TF à	1 ¥ÉíÇA¦¨§
TF 1 öw÷1ø Â � ° 1 F À9M�N�O (= 1 H(I>P = 256ch PMT) Þ,Q �<��¦ VME9U1 � À

ö�÷1ø Â � °
±�� ¬ H�I!P ° 12.8µs
7 ^ ¤ ��� ÉíÇ�«9R � À>S�¤�T�³}Ú!U>V�Â	W�¯wÀ2}è s T� �XKYCZ\[ Þ�~}� ¬6]� 9X
¤ µ �9 � « (!^	_ ¯�ZKH!` Qba è Q�4!5 �A¦ c ð

P�d	ce4!5�f À�������� Þ�~ ô�§
H�ICP<" ¤�g PMT

À Á!& Â g ð K ' � ð �_û Â(À 4C5 J�LhZji d ð �  ,Â »�^
��Ã
TF
¤¨¢jk}ÆÎÇ ð P!dVcl4!5 É ÇA¦È§ ð �ùû Â µ =!m À 3 ü�ý À ð �ùû Â 4 Â ¼ ¤ �#ýÉíÇA¦

( n�Hk»b¼ZK ' � ð �íû Â )
§

I.
�	 � « 5 P À PMT

°
Ú 7$o � Z
±�¦
II. H�I>P ÀKp(°�¬	�	 � « 3 P À PMT

°
Ú 7$o � Z
±�¦
III. �<D `�E Þrqts « ���kÞ�ÿ���� « PMT

Z
1 P
=1> ±�¦

4!5 J�L µK��� CTD
¤ 1 ¥�ÉíÇA¦¨§
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[ 3.5: FD abK�c ð d�f(c	g À�Ü(Ý [

CTD VME9U1 � À ök÷�ø Â � °
±�¦ 1 ö�÷1ø Â � ° 1 g 5�Â�Úju »�ÞeQ �,�L¦¨§ g 5�ÂÚhu »	` À$g Ã À TF Q ÆÈÀ n1H�»�¼¨K ' � ð �ùû Â9v�w Þ ¢jk	¬�x�Â( V�9y�À$��z 4
I(Þ 3�`�¬6x1Â� V¡#¢|{K}kÀ�«!k�Àñð �_û Â ��� ( Á!&,~�o � ð �íû Â ) Þ	g 5�Â�Úbu
»	` ÀKg �(�#ÿ�� £(¤��k� Ã ¥ � �L¦È§ CTD

µ H�I!P  1¤�©�«�Z13�« ð PCd�c À 4!5
Þ ��¦,«Ck�ÀK�6���9� Þ�~L� ¬w©�« ð �_û Â��	������° sb� g aÖK,c ð d�f(c�g�Þ��� É��L¦�«!k#ÀK��� c1d�dVc À$����¬�� � � ��� À�¥ ��s|a Àe� D!��Q è½§}©�«�¬ GPS

ö�÷1ø Â � Þ�~ 3 Ã T�[ ~ ' » ð ( �(ÀK�6�C]K� � CTD
Z ÿ�� �L¦È§

3.3.4 �����6����ÐUÕ��	�
²�³1´ ^�� ¤�2�¦lT�³}Ú6U>V�Â�­�® Q Æ�� �� !¡9¢ À a ���¤£ Â Þ<¥�¦ 2 �¨§�5 ��¦�«Ck¤ µ ¬

FD
À,© ¦�ª!«�i ²�³ M�¬ À ö�f  ,Â!Z�­6®�°�±�¦È§ SDF

¤(2,3 Ã	ÿ�� É_Ç�« ���
QÆ
PMT

¤ � 9 � « ^�D À�¾�¯(¬ªÉ
Æ�¤ µ ²�³¤S#À ä	° ÉZ°1ÀKT�³wÚ6U>V�Â�À,± D ¯ �9²�Þ
-w����s ��Ç�³ s Æ s `#§Ä�,À�«>k�¤ µ ¬ a�K�c ð d�f�c�g À$´�µ(¬ ä �(À E�� )�¬!¶ D�·)�¬�M�N	O ^6¸ £�À Ì�Í )
¬18�9�) s¤a Z
±AÆ Qt¹ k ¥�¦�ºj��» k�Æ Ç Ã ` s ��Ç�³ s Æ s`�§w©�«�¬	T�³}Ú6U>V�Â!Z ( �Ô¦ ^ À (!^ ¶ ^ ·#ÇÖÆ�À ^ À�²�³bS�À�¼�½}¤�2�¦K¾	¡�¬6¿!À
ÞrÁ	Â �A¦�«6k�¤�ÉZ©�Ã�© s$Ä�� °�Å�/ Q Æ 10 km =�> À > T�©�°�À,²#³(À M	¬ Þ ® 5 �Ô¦Æ ®>Z
±�¦È§�·}��°  6¡�¢ M9N�O �	Ç ° µ =>m Àk2Aè s M9N�O ^!¸ £�À>È6U ��É K ÂkÚtu »
i ²�³ ö�f  ,Â Þ 3�3 Ã `w¦¨§
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(a) SDF ÊÌË�Í (b) TF ÊÌË�Í (c) CTD ÊÌË�Í
[ 3.6: FD

À ð �íû Â ö�÷1ø Â �

PMT Î�Ï�Ð<Ñ9Ò!Ó
CRAYS 1 F À�M9N�O�±#«�[ 3 P À PMT

¤,ô6` Ã µ ¬�±�Æ Qt¹ k �	Ç °��!�(ç ~A»k^ áâ�Ô C	ã À�ÕlÖ�Z���� ^ ¶ ^�×LÞ�y ` Ã ® 5 É Ç Ã `k¦È§ª��À�® 5 À�«6k�¤9{ ( É Ç�«
^�× Z CRAYS (Calibration using RAYleigh Scattering)

°
±�¦È§
�_Ç µ�Ø - û g
ÞeÙKÚÖ� « �	Û�»_¹ Â ^ N2

�#� g�K Â	Ü#Â (Thermo Laser Science x ¬
VSL-337ND-S) Q Æ s ¦_§ K Â�Ü�Â
À (6^ :�; µ 337.1 nm

° ^ ¶ µ 300 nJ/pulse
¬ �

� g#� µ 4 µs
°�±�¦¨§ K Â6Ü�Â�À �V�
a ���|£ Â µ<Ý 9 ��� g 7 ^ ¤ a ���¤£ Â I Â �Â

(Laser Probe Inc. Rjp-435)
° ö
f  �ÂLÉ Ç Ã TÞ[ ¬�ß�¿�À þ1yb�_Ã `k¦ K Â�Ü�Â° µ (6^ ¶�À ��� g 7 ^ À�³AÆùô D µ ±5 %

°1±
¦�� ^ Z�% Q 3 Ã `w¦_§ PMT
À {�|ÀCS�à�á�Z K Â!Ü�Â(À ^ � ^�«�â ¤$ã î ¤ s ¦12Lè_¤ PMT

Z näd ðÈÉÈÇ�¬ K Â!Ü�Â
^ À Kå~ � Â�¿6À ^ À�æ Þlç|è �L¦_§ PMT à À �	é�^ ¶ Þ,«�â ¤Kê�ë � ¦,«!k�¬�ìíÂÜ�Â ^ ¶�í9?w¤ �r��Ç	î�ï À 0Cï ÕeÖk¬ û�ð À�ñ ¦>òVã6ó�ô|aå«�â¤õ�ÿ9� É Çjö�÷6J	Lø�ù ÃKú6û!5>ü�ý	þ�ÿ���� ±8 %

ø ê�ë ������� `hör÷

	
3.7: CRAYS

÷�
 	 ü
����������������ü�������� 	 õ ��! ÷ � 	 ü�"$#$� ì&%�Ü'% ü)(* �,+ ù ò ì.-0/�%9¿!À õ�1 ör¿!À (�2 PMT �Kç|è435� ö

YAP 6�7 PMT ü�(989:6ü�;�<)=9:>õ,>@?A3B���)C ö&D9E (�F)(�G��'H ö�÷JI ûK;Kü D9E�L-4M �,N�O�P % ! ö ��Q	õ R�CA�S� ö�÷9T�U�VWI û9XWY���Z�[J�$�WC ö YAP � YAlO3

: Ce \ MJ]tì&% P % �J^ ø ! ö�_)` 4 mm ò�ab3 1 mm ü
��c�d9ef�6õ 241Am α
V
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G��,g�h ù �Ki�ü��$H öl÷kj�%Kl,m'n � 370 nm ò�o�p ðWq 20 µs ò PMT ('8':$��rs ! ö ('8�t@u4��v 450 w��	òWo9p ðKx�ø ü'yb�Bz4{@� 5 %
í�| ��H ör÷

	
3.8: YAP

÷
PMT =�:K; }hõ ~!ï ù D'E (�F@(WG ø6ù �JZ$R�! ö

Xe �W���)�'�J� PMT � q@�\ø #�� HV ü����K2��b�&�6õ�ô@���WC ö 6�7 PMT ��6'7�õù �	ò�����üJ���6ü PMT ü L)-�M ���f� 8 × 104 õ)���'�4�B�
�@C ö ÷$���
� õ9��ò
6�7 PMT ü L)-�M 2 8 × 104 õ	ô ö 1���õ HV ��#J� ù �6ü���ò��$�$��:'�>ü� eü¡ �¢i)�b�.('t�£���¤ l ð õ�ô ö 1���ô)¥9¦
o�p ð (@G��'���
� � � ��§¨� ù ò���¥
üJo9p ð (hõ E ù �)!�©
�6ü PMT 2$�f� ì ð'ª M ð � ! ö 1b� õ�6$7 PMT

íW« ü
PMT ü@#J�
8W¬b��­�®�! ö ÷
¯ ü�° E
LW-fM)±�²�/&³b´&% \�µ M õJR$C¶�.� ö ()G|ò Xe £���¤J\ ²�% ò
� Xe � M·

( ¸@¹�º�»¼O l�½�¾ L4646) ò4¿,À¢¤�» ( ��Á ¾ E2418) Â)89t$Ã * ( ��Á ¾ C3684) ÄÅ £'Æ MÈÇ�É@Ê �b�ÌË
Í&Î ¯ üJ(�G¢��Ï�Ð)Ñ@ÒKÓ�Ô�Õ@Ò
:�;�<$Ö ~�×Ø3.���)Ù¨�ÚÂ�Û�Ò
���Üv 3 m Ý'��� Þ�×
���È�$�$�&ßK:K��§à��!�Î ¯ Ó�()G�� «�á » /5â@% ��ã9ä¨3È�
�@Ùå�æÂ@o'p ½ q 2 µs ÂW(�F�� 2 × 104 pe/pulse Ó�o'p ½ (���çè�Sé¨êBë m uf� 25

Hz �Jr'ì�!bÍÈÎ¢�
���Èß�:�Ö�ÙKí�Í�(�F
Ó�¥W¦4�A��Ó�yb�.z4{9� 2 % ��H
ÍÈÎ
X$î�Ö��J° E�L@-�M Ó�­�® (= #J��8@¬¢Ó)ï�ð ) ��ñ'òfÖ�ó4[)����C�ËWC (

¯ �K����ô
3 Ã�õ'ö ) Î9÷�ø�ù ¯ ÓJ(�Gb�,R�C'�J� PMT Ó L�-¢M 2�N$O�P % 3.�
�WCKÍ ( ñ9ö�ù Iú ;)Ó 1 û�ü�Ö 1 Ã ) Î

XY- ý�þK�Jÿ�� Ô�Õ@ÒKÓ ½ ª ¤b»�� -�� ù 30 mm � | Ö@Ë$Í'1¢�.Ö,­@® 3.�$�WC��@Â ¯ �
ù��AÄBz$Ó PMT ß
:�Ó���{�3 61 mm 1K�
	A3ÌC�Î0ê&��2'�)�@Â�¥�¦�()Gb��§�ì¨êÈ�
PMT ��Þ¢� L)-�M ÔK[
��� !bÍ
��í���Ë��.Â PMT ß�:'�$Ó���������!KË�[�� 2 ������ ¥�����1K�Sa9C�Þ
×�� �"!
��H$#&�A��Q&%���'WÙ(�*)�+�2$H�Í&ÎK� ¯ �@�$���)Ö&,- !bÍ UVLED( .0/�1�2�Â NSHU590B) (WG��43�5¨êÌ� �76 XY-

½$±'²98'% 2":�r 3; ��Î XY-
½$±�²
8�% Ó Þ�×�<fQ
='ö¢ù ± 2 mm ( X ú�> �Ú?bí&=�ö4Ó7?�@�ACB ) Â ±

0.1 mm ( Þ�×�<¢Q�=�öKÓ�@�D7A�B ) ��H
ÍÈÎ
¯ Ó9,�×�Ö&3�5¶3 ; '@C¢Í UVLED ù m9n 365 ± 10 nm Ó ��E�(4�Ìr0ê5Â
�'ÓJo@p ½q ù 400 ns Â ½ ª ¤A»F� -�� ù 3.83 mm (1.65 σ Â 90 %) Â�('F$ù�v 1000 pe/pulse �
H$ÍÈÎ ��� ¥ � ú�G ù UVLED ()GA���$�$�IH�JWß�ö$:��4� 4 mm ü�K�� 60 o9p ½L z�§�ì�!bÍ ¯ ÄÈ��óK[ ; Â,Ï ú"G x ÄÌÓ�° E$L�-¢M Ó9< G =9öKù v 2.6 % ��H�ÍÈÎ ¯
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M
3.9: Xe £���¤J\ ²�% ÓW§)ì - � %ON

M
3.10: XY-

½�±�²�8�%
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; #ÈÓ ±9²4/.³�´5% \¢µ M �
PQ# ; � ��� ¥��4ù�¥�� T�U)V Ó�R�S¢��T�Q$Í�î
Ö�Â I ú
3 ;CU
V�W - � %XN ÄZY�[Ø3 ; ÍW\�\I] ´5% \fµ M Ö$1J��' s Õ¶3 ;XU�^X_ �9D�`9!bÍ
Ä�{9Ö
a�bà3 ; ÍÌÎ

c"d�e"f�g"h�i"j �
k�l \ ²�m,% Ö$1���' s Õ¶3 ;XU � l�n (�ù
� l ;�oqp�r�!�Í�î$Ö�Â9� l ;�Ó&s�t$t�Ö$1��

' É�uwvyx z 3 ; ÍÈÎ ¯ Ó É�uwvyx�z F{oI%�Í U Q�Ö�|{}�ùWC(�&z
��Ó
,�×�o
� l"n ('Ð9Ñ
Ò¢Ó�~C�¢;@Ö�~�× êÈÂ"��R ê�'9C4ÍÌÎO� |"� ùW� ; #ÌÓ�,'×�Ó��C+�o&����!�ÍÌÎ
LIDAR

T�UWV ÐWÑ�Ò$X�Y � ù@Â BRM
½ Å % \�µ M Ö LIDAR ,'×$o�~�× êZ� l N
O$P %

ÖI��R¨ê4'�C¢Í�Î LIDAR ù LIght Detection And Ranging Ó�� � Â"��C@o'p ½��Ì%� (�o9� l Ö���í '�r�ì0ê&Â���Ó
�"��� É�u (�Ó@û�ü · Æ9£�� - p�o ú�G !bÍ ¯ Ä � Â�&% � ì V Ö
��� U � l Ó9����oq� G7� Í4� l N�O$P
��� � H
Í&Î�|�}@Ó LIDAR ,�×
ù�� M$j ]9�KP
�@ãWä����C��� �X��Ö&3�5¶3 ;�U Nd:YAG

´ �" �� (esi
¾

Orion Â mn
355 nm Â ���O¡9¢ 5 mJ Â�o9p ½ q 5 ns ÂJç �Úé¨êSë m u 1 Hz) Â�£�¤@p$¥������

P
� (Coherent Á ¾ Â J50LP-1A Â ¦ n�§{¨ 300 nm ∼ 12 µm) Â�©XªWÒ (Meade Á ¾ Â
LX200GPS-30) Â PMT ( ¸@¹�º�»¼O l�½�¾ Â R3479) Â PMT ¡�¢�¦�«�¬7­4Ó U QWÓ�® N
P�pC¯$\�Æ ½ �4� · (Lecroy Á ¾ Â WaveRunner6039) ��#�Ë$Í&Î LIDAR ,�×�ù BRM½ Å �$\�µ M ��# 100 m Ý ;�U9°�± Ö@H�Í5Î ²�³�Ó¢Ä ¯ � LIDAR Ö�´WÍq� l N�O�P��I ú ù@Â FD

I ú Ó":
µ�=àÄ·¶X¸9û$Ö�óK[ ; '�C4ÍÌÎ

M
3.11: LIDAR ¹º� � ( » ) Ä LIDAR �
Ó9��¼ M ( ½ ) Î¾¹º� � Ó
;@Ö�H
Í,Ð9Ñ�ÒbÖ9ù9» M

Ó{´f�5Ö ´ �� ��ØÄ PMT ¿ > �æ?�íÀ# ; '@C¢Í

IRCamera � k ¿�Á�C�Â � Ù'Ù�[ ; '�C¢ÍKÄ�{�ù9Â�� l�n ªO¿ Â ��Ã ; 'AêIÄ � ÎK��Ó U
Q BRM

½ Å ��\�µ M�� ù�� k Ö
Å�³ � Í4Â�o�Æ «'V ���$� (Infra-Red Camera, IR-

Camera)
� N
O$P�� � ÍÌÎ$ÂX¿�Å�³ � Í á �4ù�Ç�ö{¿9aÈ��Ë�Í)Ó � Â IRCamera o�Z

� ¯ Ä � ~��OÉ'Ó�Â�o V�W � Í ¯ Ä4¿ � {
Í�Î V"W � ÍI���'ù FD ~X� Ä��b�Z���Co
12 Ê0ÄZË�Ì�Â7Í _ Ó D 14 Ê4Ó V�Î o 1 û�ü x Ä Ö óè� Î
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M
3.12 Ö IRCamera Ä V"W ê U�Ï7Ð oIÑ � ÎX» M ù�Ð9Ñ'Ò¢Ó
~X��Ò�Ö 12 ÊÓo
Ô�©U7Ï�Ð � HA�æÂ�����.ÌÖ
Õ�Ë�Í�û�ü�Ö V�W ê U iJÓ � H
ÍÈÎ���Ö�Ó 12 Ê¢Ó Ï Ð � ù�Â

¿�� � Ö
Å�³ � Í�¿'Â�;&Ö � ê4��C�Ö9×"Ø êÌÂ | Ö4Ó Ï7Ð � ù�Â�¿$Ë$��ËKÍÈ¦�tO¿$[
��ÍÈÎ

M
3.12: IRCamera ( ½ ) Ä IRCamera

� V�WÚÙ·;XU Ï�Ð
( » ) Î�» M ù�� Ö$Â';4Ö$Â | Ö�Ó 12

ÊÀ¿��)û�ÛfÖ V�WÜÙÝ;�U�Ï7Ð � H
ÍÌÎ Ï Ð Ó Þ�E4Ö
Y'©�ß�E4Ó�àà�Z¿7Ç9ö{¿9a(�5Â�Â�Ó
Å�³
o&á � Î��7Ö�â(#Ýã Ö4Ö&äXå�Ö�æ ; '�û�ü�ç���èåê&Â�Â�ç9é�ê � Í�ë�ìXç�í�âKÍÈÎ 12 Ê4Ó VÎ �À�9ù�î ;Xï ; FD ~C�KÖ&ð�ñ � Í

CLF LIDAR ÄIòIëKÓ9ó�ô�õ÷ö·�� ��{oqø�ùûú U CLF (Central Laser Facility) ç�ü"ý�õ�þÿ����������
	���
�� Ù����������
CLF � 3 � ± � FD ���������! 
â#"4à�$&%('()*
+ �
,(- ��
.� Ù/��0 Í21 ��3 ¡�ú�4�ö/5" �5 �!6.7(8.9�:
;2< � � ���=5>���� @?A�B ; ����C��!D&E

(LIDAR
� A�B ��F �>G ∼ 5 km) H(I�?.��öKJMLN5 829�O@P(Q>R? C�� * �TSVU�W � ã.?.� 0�X�Y ?&Z>[�4�ö/JML\5 8.9.] * �2^�� A�B`_ � 4ba ] * �c Oed 5 8�9f��F ��g.h : á ;ei * � + ��� i.i ? �kj�l E �bm�n � VAOD (Vertical

Aerosol Optical Depth)
* F G&�>0�g2h ] � exp (−VAOD) ? á _ �e�o� d 5 8�9f�p 8�q.r

αmie
* �(s�q � 0 VADO (R) =

∫ R
0 αmie (r) dr ? Cetu0&v=w=x(y{z (

y{z=|=}O D _ ���{~��.�.; �
)
*K��� 4b�(� � � LIDAR

��F&� �@� " � 4 p 8�q2r *K�=� ;� i * O��{� ? C�����{�
CLF � y�z.� a A�B � 0 30 �.� � ö�52�=5 :
3�� ú FD ? A�B ú �������

�=�{�2�=�2���2�
ELS ELS (Electron Light Source)

*o� G@�#�
�=� õ2���� �¡ : ù �2�.0(¢�£ ��¤=¥�¦�§ 5�b¨ ì`©�5�ª : y{z ����3�� ú 0 î i â#"u«�¬Úú�4 y{z(� a : FD ?�1b­ B W ; ��� i� ��F&� � ¨ ì ��¤=¥�¦�§ 5 * � a.a ] 0 PMT ®�¯�°(? �b±.² ��³ :�´ Sµ��¶ °=? �y�z.� a A�B ?2�¸· � B W _ � 4 � a � «�a.¹2º : U>W ú 0 _ " �!���@»(3 º½¼ PMT¾ E +�¿ :oÀ�~{Á2Â �oÃ.Ä O C � 4 O 0 ELS
��F¸� � «2a�¹2ºÅ¼ þ ÿ�� ¾ E +�¿ : ° *
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Æ
3.13: TA Ç�JÉÈ ��	��!
�� _ � 4 CLF ( Ê )

*
CLF ËbÌ ( Í )

[ � �.³ ; � i * O{�{� *
+ ��� ELS � BRM �{�=5����! � ³(Î 100 m ) � 4@�=Ï�!
2� _ ��0&Ð2y ? 4 × 107 eV
�&¨(Ñ ©�5>ª :�3�� ?�Ò �o� 1 µs

�bÓ=¦ � ��� � 109Ô �b¨�Ñ�O¸Õ ° ��0 i � � 4× 1016 eV
�b¤�¥{¦�§ 5�Ö(× �!Ø�Ù ú 0 FD ? A�B`_ ���y�z.� a ] � 10 km Ú � 4 × 1020 eV
* %�ÛÜ? C�� *�Ý ÀßÞ " �>�����o� ¨�à2á � �¤�¥{¦�§ 5{Ö=×f�(� d
â>ã 5f���� ¸? F�ä�å � ?�Ò � 4�[ 0 �2^�� A�Bæ_ � 4ba ] *N�� ; � i * ? ±.² ��³ O ?�Ò �
� ELS � D ¤(¥�¦�§ 5b�� �¡2çfè&é�ê ��ë=ì��fF�� �í�îæ_ ��0 ��� � �(� Ç=JïÈ �k
2� _ ���&Ð�ð�ñ(ò Ob´�ó �>�=���o�

Æ
3.14: TA Ç�JÉÈ �!
�� _ � 4 ELS
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Æ
3.15: ELS

�kô>õ Æ

Æ
3.16: �� ¸ö ã 5f�#�@ �÷ � ¡

3.4 øúùïûýüïþ ÿ �
SD � Î À 3m2

����� �=ö��	�{�� ¸ö ã 5�
¸5
�#" + �
,�� ÷ � ¡Ü? 0 i � O 1.2km ���?k� X 507 � 
(� _ �����f� (
Æ

3.16)
�

SD 1 � � � 0 100 cm × 150 cm × 1 cm
����� �{ö�����2 !ö ã 5�
k5 : 2 � �!Á.Â 4 Þk�{O�� ��È ?�� � �{�Ü���
�b���b� ����� �{ö����{�2 ¸öã 5�
¸5 � �b1 � 1 mm

0
2 cm ���(?"! O�# " ��0�� � ! � WLSF (Wave Length Shifting

Fiber)
O $ [�%�° �>�����o� ib� WLSF

��F�� ��&2� �� ¸ö ã 5Ü�`�¸ �a��æ"('�) ��*,+_ � 4&a : 0 ��	��!
2�.- 4 PMT (Electronbuves 9124SA)
:�/�� � ÷ �¸; ��� PMT �`"� ®�¯10=�f��2> ��:435- � 12 bit

0
52 MHz ÇÜ � L! �6 � FADC (Flush Analog-Digital

Convertor) ? AD
*�+ _ ��0�7�8 _ � ��� °�4 0 92,�� ÷ � ¡�� GPS

��F t;: ��<�= :?>� - 0
SD
¤ L42 �¸Q�� _ � 41@=®
A :	35- �1BDC LAN

�>F t �k	��1E 5�
?FDG�H * @=®- ���Ü���,9
SD � 0�I 5 � 5 Ó(¥{¦ (120 W)

:!¨{ì1J * - �{�Ü� 4�[LKNM - � A�B :o´ Si * O ?�Ò �o�
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Æ
3.17: O2J�PæL1�RQ A�B �¸ô�S Æ

3.5 TVUXWZY\[ ]4^`_
SD 2 ã J>�ba=$ 100 % c@¹2º�??d
e - �=��� c=? 0 FD f F � A�B Ob´Üó�g �����?: �
� 0 SD 2 ã J * FD ?�h : A>B O&´�ó1g �=��� * ~ +?i �o� - � Þ 0 ¤.¥(¦�§ 5 1019 eV

H2I�c�j z �
k
lk5�f�m ���1n � G=0 FD c�o=¹(÷ �"p�q � SD 2 ã J�c�r�s"tbu :4v ��wx�y{z � c�42[ 0 i c ¤�¥{¦�§ 5�H(I
c�|b} C�~ h : ÷ � (= O2J
P`L���Q A�B )
_ g y i *

f + y{z
SD 2 ã J�f F y A>B ? ~=0�X Bß_ g 4?� Ñ=r * � Ñb�
� :1� :?� f j z�� k�l¸5 � d@âã 5 ����� * c �(� ��� v2w |
} C c ¤.¥=¦ § 5 * ���(7L�=O � W _ g y4z FD f F y A�B
? ~{0�y=z�� : @�� ; y j z�� k
l!5�c���� :��,��-�� ���Lc	� E ( a ] ) ��� v(w |
} C c¤(¥�¦�§ 5�� ���(7L�=O�� W _ g y4z SD 2 ã J�� FD

~ B W1��� O���  y�¡�¢ ?  �äN� jz�� k,l�£�c ¤�¥{¦�§ £ :oØD¤�R
 	¥�¦ ? B W - w x�y � n � y4z ;� =ó�§�� FD
~ j z�� kl"£ ��¨�©Dª�« ?bc ¤=¥(¦�§ £{Ö2× : � k�l	£ © c�¬b­ � «�®�f1¯ � w A>B ; y�z i�g f ²- w �

SD 2 ã J ~@Ð2y «�® ª�« c1° Î Ë(? � k�l	£ © ��� r 100 m ∼
r

km c p�q ?bc �� Ñ1± E c"²
­ � ��³ : B W ; y�z Þ�§b´1µD� 9�¶ c�­
· ~�¸�¹ ? v(w |�} C c ¤=¥(¦�§ £� �
� ­ ��:"� W ?>Ò y�z - � -4� SD 2 ã J�f F y A>B ? ~ �D�
� ­ � c � WDº���~�¸�»
?�H�¼�½ c ~b� _ x Þ c�c �>¤=¥=¦�§ £ � W O1¾ �	¿�À ¦�Á � d@â�ã £ ����� � l"Â ?   xv.w1Ã á f�Ä äN�.�.; y�Å [1H�¼,½ c O y Ò x1z v ­ � y�z2� a�·�f�Æ ¢�y ¤=¥(¦�§ £ � W~ ��¾ �	¿�À ¦�Á � dkâ�ã £ �����4Ç�v(w�Ã á�È c �2�DÉ ~?Ê [ w � _ x Þ c,c � y=z ck«
a(¹2º � y=z�� ?�c�Ë,Ì C a�c 8�9 ¼ÎÍ F ��Ï c »bÐ º � a ¨=Ñ,Ñ�Ò�Ó c ]=Ñ ¹�º   ¿ÕÔbÖ× f �2³�Ø g y�Ù Ò q2r�Ú�Û1Ü�Ý y Å
Þ ��ßDà�á�â £�c1H�¼D½�ã ~�ä Ò ä" �å w -�æèç zébê c ë�ì
ë�í�c Ý y î"ï�ð	ñ�ò,óRy�Å�Þ f Ø�ô c <,= ð / x�õ�öÕ÷1ø�ù  �ßbà�á�â £ �ú ð�û ç � x çü¦
ý,� O
þ�P�ÿ���Q���� ~���� ý
Ý y{z
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�
4 	 
 � � 
 � 
 � � � � � � � �

þ����������! #"�$%�'&)(�* ð,+.-0/2143.5�6Lð87:9bó<;>=
Þ:?:@ þA�<�B�DCFEHG�I2JKCFL��",$0�2&,(:*!M,N � ý�Ý ;HOQP�3�R ý @AS!TVU�WKXAY!ZK[!\]?�õ!; ä:^V_4` �a�!b�cBd /e)fhgji ;Hk JKl ð CFE8G�I2Jm� ó<;>=�Þ4?.n�o M +)-%/p= "�$0�'&.(�* ?�q�r e�s�t ;uO CE>G]IpJaCvL��V"�$0�2&,(:* @ASVw ^ Cyx�z.J 3�{4|F}~-��K� g X:Y�Z�?>�4�
ó#; `y� Ü ð� Þ�;8w ^ CVxVz)J!�A �C�E>G]IuJaC#L>�!�������0d S�P�3 `4� Ü � g XAY4Z]3 �V� ð.���/ e [V�K?)�!�h� i ;H���yk J�l ð)�<;u���8� C�E.G]I2JaCvL)�:�y����� 3 2 �8��J�� ý � � iKe r];HO

4.1 ��� �¢¡¤£%¥¤¦¨§©� ªQ« ¬]¥©� ­B®¯ Jy°!J @:S�± ^ ?.�4�0/²w ^ Cyx�z.J]³)�! y´ ;.µ�¶!T�U�W�3�·�¸ ³ S ",$Q�¹&,(:*�º3 »½¼¿¾ CvL��:$�À�þ:��Á ?�Â�Ã>ÄKÅ ý�Æ ú ´ ;yP d8M ý ÃK;8OF¼�¾ CÇL>�!$VÀ	þA� ?,È�É;~·!¸�@>Ê
30 Ë%Ì~Í ; M S ���ÏÎ µ�¶:TyUAW]3,·!¸�@,ÐVÑ�3 dpÒ%Ó ý Í ;HO

• µ4¶4Ô4Õ ��Ö�J E0

• ×!Ø -K��ÙB� X0

• Ú ±�-K��ÙB� Xmax

• ÛyÜ |F}
• Ý�*~Þaß

4.1.1 àvá�âVãvä#åaæ#çÏèÇé¶Ï?�µ4¶:TVU�WF3�·!¸Ï� g w ^ Cyx�z.J 3�{y|F}.-K� ³>ê�ë!´ ;uO<µ�¶:TyUAW MA�A �´ ;w ^ CVxVz>J 3�{y|F})-a�Ï@!S:ì (2.29) í,î � i = Gaisser - Hillas ï�ð ?añ�ò eVó<ô2õ �i ;�P d8M�ö g²iKe r];HO Gaisser - Hillas ï)ð 3�÷ �:ø�JÏl 3�ùuú>¼#¾ C<L)�!$yÀ8û:� ?)üý � iKe r Î rFþ�3y@
Nmax íVÍ ;uOaÐVÑV3>ÿ��y@4@�� C�E>G]IpJaCÇL>��",$0�2&,(:*�º!í3

Nmax
3 ê!ë���í�Í ;uOw ^ Cyx�z.J�� ?!@�� G�J �
	��
��� Ô�Õ ��Ö,J 3 E>G�J��]��d rÏò!=!SK± ^�_�` 3����í @������ Ó ? ô r�� � M�����´ ;>=���S!µ!¶!Ô:Õ �FÖ�J 3 E0

3�µ��a@
Missing Energy dÎ ;uO]1y34=���S�¼�¾ CÇL>�!$VÀ.ûA� ?�È�É g²i = E0

� g
Missing Energy

S
Emiss ³! r=AÔ!Õ ��Ö�J Ecal ³ � ��;uO

Ecal = E0 −Emiss (4.1)
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"
4.1:

w ^ CVxVz)J � g XAY4Z�?>�4� ´ ; `�� O�± ^�_�` - ` d$#Ï(]I,��Ý!$ ` ? ô&% É�SüF}~5 ³ þ,ò!= #Ï(]I,��ÝA$ ` M�'�(:´ ;�P dHí XAY�Z�?)��� ´ ;
=*)Ç/pS

CORSIKA [17]
?Kñ4;8w ^ Cyx�z.JÏC�E)GFI2JÏCvL�� � g

Ecal

E0
= A−B

(

Ecal

1018eV

)−C

(4.2)

3 ï
+�M> QÓ-, q�P duM % �!ò e r�; [18]
3 í S�P>3�ìV� g Ecal ³ � �V;pO Î Ò A,B,C

@
.�/ ?!@,µ4¶!TyU�WF3&� ��0 S ÛVÜ |F}:321*3*4  �5 ?�6 �y´ ;~÷ �!ø�J]l:íVÍ ; M S¿P�Pí @�7 d98 � � g Î ;$:<; Î2=�>@?  �A k �Ç³9B ý / e Sy�4��1@3*4 M 45◦

32C > ?�qVr e3 C�E)GFI2JÏCvL��~ê4ë � g � � g'i =�D A = 0.967, B = 0.078, C = 0.140 ³ r!q<þFE�G´ ;uO
Nmax

@�Ô4Õ �<Ö,J 3�H�I d�d þ�?)W��Vµy¶ íKJ@Ly´ ;
D íaÍ ; dMB ý / e S Nmax = 1
S

Xmax
S
X0
3 d ÃA3 Gaisser - Hillas ï>ð<³
N�5!´ ;�P d8í ��O ;~Ô4Õ ��Ö,J

E1
0 =

dE (s)

dX

∫

∞

X1

Ne(X,Nmax, Xmax, X0)dX (4.3)

³ Ear�S
Nmax =

Ecal

E1
0

(4.4)

d / e � �V;pOhP4P í dE(s)
dX

@�Ô û�P ÷ ��ø�Jal s
3�w ^ C4x�z~J 3 1 Q � M�R>Þ ± ^ ÙB�³2S òA=@Ty3!UKV energy deposit íVÍ ;HOÇP4P í � �A= Nmax d ¼#¾ C<L>�:$yÀ~ûA� ? Í =É�=

Xmax
S
X0 ³ Gaisser - Hillas ï)ð ?�W4�%/ e S�X�Y�3,± ^ 3�Z<�~ÙB� X g/cm2 ? Ò[ ; Q �  �54ð�M �\O ;8OKw ^ Cyx�z)JF³ 1V3!]]?:1�ò!= 1 g/cm2 Ã�^9_ í » ¼ �4øa�%� Á? 5 [ e S�`y¼ �:ø��%� í 3 Q � ðv³>ê4ë /ba �4´ ;uO<¼ �:ø��%� ?4@�¼¿¾ CvL��:$�À~û:�?,È�É,= ÛyÜ |]}�S Ý�*~Þaß 3,·!¸ ³ þ d ?�1y3 ÞKß ·!¸#þFa ��´ ;HO

4.1.2 cedgfihFãghq\j:?,S~¼ �AøV�h� ?�ÈÏÉ�=2`AÙh�!k d 3 Q � ðhd
P��KøQ�9	 ·:¸ ³ Gyr e ± ^4_!` S #y(I,��ÝA$ ` dl'�( /H= #Ï(]I,��ÝA$ ` 3AXAY�Z�?>�4� ´ ; `�� ðv³ � �K; (
"

4.1)
O
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¼ �!ø��B� k d ?�1]P í 3 Q � ð Ne,i
� g S4± ^y_4` ?Kñ,ò e - �:´ ; `y� ð NFl

iλ ³ `�*m
λ
k d ? � ��;uO

NFl
iλ = Ne,i

dE (si)

dX
Y Fl

iλ (Hi) S
Fl
λ (Hi) dli (4.5)

i
@!¼ ��ø]� �¹³�n�oa´ ;&prq�S si

@!w ^ Cyx�z,J 3�¼ �Vø]� �jí 34Ô û<P ÷ �yø!J<l S
Y Fl

iλ (Hi)
S
SFl

λ (Hi)
@Ks õ � g � � Hi

? Ò [ ;�± ^K_�` - `�t�u d - ` �Kv#� � � S dli@,¼ �:øK�B� 32m�� íVÍ ;uO<± ^y_4` @2w!|�x�?�y4��� i S%� g ?!@,± ^ ?Kñ,ò e '�( � i;�=���S4X:Y!Z�? Û � ´ ; `�� ð NFl,tel
iλ

@
NFl,tel

iλ = NFl
iλ T

Rayleigh
iλ (ri) T

Mie
iλ (ri)

Ai

4πr2
i

(4.6)

dpê4ë � i ;8O�P�P í ri
@,¼ �!øa�0� � g X!Y�Z O í 3!z*{aS TRayleigh

iλ (ri)
S
TMie

iλ (ri)
@

z@{
ri | Å*)�Ty3�± ^ ?Kñ!; I¹û}	²J�'�( S E¹JK'�( ?Kñ!;8�@m λ

3�~*� u S
Ai
@,XAY4Z3��F��� N�í�Í ;uO0P4P í 3,X:Y!ZF3>�F��� N @:S >  Z ³ µ!�]3�����Z dlB ý /u= d Ã!3� N�íVÍ ;uO

4.1.3 �}���*�e�g��h
#a(FI��yÝA$ ` 32C > þ8± ^�_y` d��
� ?�Sa¼ �!ø��%� 3 Q � ð � g - �:´ ; `4� ð<³ ��K;uOa± ^y_4` d @�� Î Ól#Ï(]I,��Ý!$ ` 3)- `@t�u S�- ` ��v<�0� � @�Ô û\P ÷ �!ø�J]l6 �4´ ; [40]

O�1y34=���¼ �:øK�B� í - �!´ ; #a(FI��VÝA$ ` 3 `4� ð @!S
NC

iλ = Ne,i
dE (si)

dX
Y C

iλ (Hi, si) S
C
iλ (Hi, si) dli (4.7)P�P í Y C

iλ (Hi, si)
S
SC

iλ (Hi, si)
@ � � Hi

S:Ô û�P ÷ �:ø�J�l si
? Ò [ ; #a(FI��yÝA$ `3>- `�t�u S:- ` ��v��0���Ïí�Í ;uO #a(FI��yÝA$ ` @�± ^�_�` d @!� Î Ó w�|\x�?�y4�B�i Î r,O]1FP í�#Ï(]I,��Ý:$ ` 3�4�� 5!� DC

i ³ ÐVÑV3,ì í!��� / e ê4ë!´ ;uO
DC

i (θi) =
1

θ0
exp

(

− θi

θ0

)

(4.8)

P!P í θi
@ Cyxyz~J ] d y!��|]}:3 Î ´ 4KS θ0 @ #K(]I��4Ý�$ ` ³ - ´ ;���D EC

thr

� g �
O ;H÷ �:ø�J�l�í θ0 = aEC

thr
−b S

(a, b) = (0.83, 0.67) ³ E�G ´ ; [40]
O�� g ?�± ^ ��í 3 '

(F³ �!�%/ e S�XAY!Z<?.��� ´ ; #a(FI��yÝA$ ` NC,tel
iλ

@
NC,tel

iλ = NC
iλT

Rayleigh
iλ (ri) T

Mie
iλ (ri)

2

sin θi

Ai

4πr2
i

DC
i (θi) (4.9)

� g ê!ë4´ ;HO
4.1.4 �<���}���*�r�g��h

FD í ����� i ; #a(FI,�VÝ!$ ` ?4@>- ��� � g ���y�y� ´ ;Vþ�3*) [ í Î ô Sy± ^ 5 �
� Ô *����8� ?Kñ,ò e '�( � i S�|]} M�J É g²i = #Ï(]I,��ÝA$ ` þ$� O i ;uO P�3 ` ³ ÐÑ í @ '�(�#Ï(]I,��ÝA$ ` d
��� P d ? ´ ;8O
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Í ;.¼ �:øK�B� ? Ò [ ; '�(�#�(]I,��Ý!$ ` 3 `�� @!S Cyx�z.J ]��a?��aò e ± ^ 3����g 1V3A¼ �!øa�%� O í ?�y��B� i = #a(FI,�VÝ!$ ` 3 N�5 D<?� @¡ ´ ; d _ Î�¢ ;~O i p Ì3A¼ �4øa�%�Dí 3�£ #a(FI,�VÝ:$ `�� NC Total @:1�3>Ù%� í - ´ ; #a(FI��yÝ!$ ` d i − 1p Ì 3,¼ �:øK�B� ³&'�( � i ;VP d Î ôF¤ �Q/u= #a(FI��yÝ:$ ` 3�¥KS
NCTotal

iλ = NC
iλ +NC pass

i−1 (4.10)

íyÍ ;pO NCTotal
iλ

� g P�3�¼ �AøV�B� ívI2û�	²J S E¹J!'*(A´ ; ` NRayC
iλ

S
NMieC

iλ d ¶�3�¼�!ø��B� ?
¦�§ ´ ; ` NC pass
iλ ³ � ��;HO

NC pass
iλ = NCTotal

iλ TRayleigh
iλ (dli) T

Mie
iλ (dli) (4.11)

NRayC
iλ = NCTotal

iλ

[

1 − TRayleigh
iλ (dli)

]

TMie
iλ (dli) (4.12)

NMieC
iλ = NCTotal

iλ TRayleigh
iλ (dli)

[

1 − TMie
iλ (dli)

]

(4.13)

O =!S I¹û}	²J�'�(�dyE¹J�'�( 3�4�� 5K� 3�¨�r ³ ���B/uS
NRayC,tel

iλ = NRayC
iλ TRayleigh

iλ (ri) T
Mie
iλ (ri)

Ai

4πr2
i

DRayC
i (θi) (4.14)

NMieC,tel
iλ = NMieC

iλ TRayleigh
iλ (ri) T

Mie
iλ (ri)

Ai

4πr2
i

DMieC
i (θi) (4.15)

� g XAY4Z�?)�4� ´ ; `�� ð<³ � �a;uOP4P O í 3 d PK© í n�o�3 A���ª�«��¬�:C<E>G]IpJÏCÇL>� 3hùuú�µy¶:T�U�W�3�·!¸�� g {|F}~-��r­HW ³�® Ã�S�X:Y!Z<?�¯ ô ± ^y_4` S #a(FI��yÝA$ ` S '�(�#a(FI��yÝA$ ` 3 `��ðv³
° ý ´ ; d P�© O íÏ³
±*² /8=�O P4P í @�w ^ CVxVz)J 3�³y|]} 5!�¿³ �!� ¢*´ ?�¼ �øK�B� 3 �
µ � g U�¶ ` MAÜ ; dlB ý /pS�4�� 5!�#³ �!�%/ e XAY!Zv?.�y� ´ ; `4� ð<³ ��:=�OK¶!· í @AS�P�3 `4� ð � g ¼ �:øK�B� í 3�³V|]} 5!�#³
¸ = ¢ e PMT «KøV�,í ���� i ;H���yk JÏl�³!C�E>G]IpJ ��´ ;uO"
4.2
@�XAY4Z�? Û � ´ ; `�� ðÇ³:C�xVz)J ]F?�1aò:=A± ^ 3�Zg�~Ù%��k d ? õ î /u=Fþ3 íVÍ ;HO�¹�º M ± ^y_4` S�»Kº M�#Ï(]I,��ÝA$ ` S�¼@º MÇI¹û}	²J�'�( � i = #a(FI��VÝ$ ` SK½@º MÇE¹JK'�( � i = #a(FI��VÝA$ ` í�Í ;HOg� " @�¾�¿ ³ ³*À#;8w ^ C�xVz)J ]Ï�g 3 `4� ð<³ õ /pS�±�� 5KM ± ^�_�` íVÍ ; M Sy-��K3>Ùar d P�© í @ I¹ûÁ	²J�'�( ?Kñ�;

#Ï(]I,��ÝA$ ` M �4� ´ ;�P dHM % �];HOÇÑ " @�X:Y!Z�?�}A��ò evô ;8w ^ Cyx�z.J � g 3`�� ðÏí�ÍÇÓ Sy± ^y_4` ?�  t #a(FI��VÝ:$ ` 3�Â > M ´ ò d$� r�P dHM % �];uO P�3Ïñ�ù?>± ^4_!` ����? Ò r e @ #�(ÏI��yÝ�$ ` d 1y3 '�( ` @!Ã�Ä�x Î�Å ¾ �!�y�V&A��Æ8d Î ;uO

4.2 ÇÉÈËÊ � ªQ« ¬]¥©� ­B®P�3 C�E)GFI2JÏCvL��V"�$0�¹&�(A*4í @ PMT «KøV�,í ����� i ;~k J�l�³!C�E)GFI2J �´ ;�=���? » I2û �uIpJV�:Á / e r];uO I2û �HI2JV�Çd @,XAY!Zv? `y� ³ �y��� ¢ S `4� 3Ì�Í ³ ` `4� ?�qyr e CvE)GFI2JÏÎ�´ ;H| �Kí�Í ;HOÑÐ�Ò!=��4?4@AS�Ó!Ô ÎMÕ!Ö�×��KØ2Ù �Ú � þÛ�<��Ü�Ý�Þ�ß ³
à�Ù�Ø �@áÁâ$Ü Ò ôMã�ä�å Í�æ
ç " 4.3 Ø Ó!Ô ÎMÕ!Ö�×�Ø2è�é â$ê*ë
ª*ì�ígî2ï Ò º � Ú�ð ³.î�´!çeè�ñ Ò�ë ª*ì�í¬î�ï��
�\ò >*ó ���!ßrôÏþ�õ,ñ Ó Ý�Þ*ß ³�öÉ æ
ö�÷���«Kø�ø Ú�ð O í!ù�ú â$Ü Í�æ9ç
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"
4.2:

Ý!ÞKß Ø
û@ü4´<æ
ý*þ:ð@ç ��ô2Ý!ÞKß�Ò�¾�¿ ³ ³*À æ9ÿ���í�����ì����-û@ü
	<æ9ý*þð\ò�� ô�Ý�Þ@ß Ø��
� ò�Ü ô æ9ÿ��ií
���&ì���� Ò ý�þ:ð�í���æ
� ûÏÎ � ì ë í ô 1 ý*þ ´
� Ò Ì�Í���� � æ ê�� ò!ê!ë � å��#ô�� æ$ç T
������Ò@ê� Ø! �#" Î � ì ë �%$�& 	¬æ�'iØ!ò Ý�Þ@ß Ø�û@ü�	¬æ9ý*þ�(rØ ßiÒ�) ü�*�+
,¬ø�-�ø ÔKÒ�.�/

* �10 û�ü�243iØ65�7 â ��8:9 ( � �<; Ü ý�þ�( ��= � â
Ü�>@? çBA�CED�Ø ô�ßrÒ�) üE*�ò
,gø�-*ø ë*Ò6.�/ *�ò�F�þ�G�* � ! õ Ø6H�I�JLK õ Ø�M�� Ò
N �PO�Q 	gæ9çBR�S4D�Ø �ET æ
NRayTrace

i

ô
PMT U�V�ø�W\Ø�X�Y�	gæ
ý@þ�(4Z���æ

NRayTrace
i =

∫

Np,tel
iλ Rmirror

iλ τpara
iλ τBG3

iλ Qiλdλ (4.16)

Np,tel
iλ

ô '%[\Z �  �ê!ÝKÞ�ß Ø&û@ü
	gæ
ý@þ�(�ò Rmirror
iλ

ô�ß\]P) ü�*�ò τpara
iλ

õ
τBG3
iλ

ô�^
_ ^ _ ,gø�-�ø ëgõ BG3

]�.�/ *�ò Qiλ
ô

PMT
] F�þ�G�*�Z���æ$ç � > ò PMT `EW�Z]�a�b�c�d�e�f%grô û@ü�2�3Bh�5�7�	Ñæ ê� ò �#"jik� ì ë hEl:m Ü û*ü
243 ��n�o â$ê%p

hPq�r�	¬æ$ç
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s
4.3: t:u i#v�w
x�y h2ù�ú â$ê FD

ë
z ì\í<î�ï ]�{�| Ú�ð ç
} ]%~%� ( ���4D�í
�
�&ì�
)
]%� ��� ÝKÞ�ß h��
��m Ü�� m ê���"�ik� ì ë�]P��� !������ _4� 8 æ

��� T Z%�%�\Z�� êgõ �
� Z�ò\U�V�ø
h�û@ü�	��#2E3�+��:� � �#"�i������ h4l:m � �  
��� TP� ò
ý@þ ]�� ü%2�3 õ �%�@� �<� ��n  ��� � ü%2�3 ô ò N (2.30)

]
NKG ¡�(EZ
¢��

� ��]�£ �\�¥¤�þ
¦
§ � q�r©¨ �<ª
«
¬�­ h6®�¯�� �\° h%±
² ]6³µ´ W:¶ { Z ª
«
¬
­ � 1·4��¸�¹ ] X�Y ·Lº ¨ � ®
¯ º ± � ] 2
·4� � �\» ~�� ��� ¸�¹ ]���¼ 2�3 º �<�%½ nET ���¾ ¨ � ±:¿�À · �L�Á²<Z )�¼ ¨ PMT U�V ª h6X
Y�	�� T Z ]P��� � �#"�iÂ����� 	L�k�4²Ã6Ä�Å
Æ W:² �ÂÇ m � 8 �PÈ  ±
² ]�É
� ½ )�¼ 2�3\h�®<Ê _ È º �6+�±\U�V ª h ¸�¹ ½PË¼ ¨ �%8
Ì Ä ± ��Í h Ã6Î y%]6Ï�Ð�Ñ h�¯�Ò�Ó�m�È Ì Ä h Ã�Ô "�i Ô ��� ¨�Õ 8 � � ] Ô "i Ô ���EÖ

NRayTrace
i ×6ØÚÙÁÛ�Ü � º Z�±EÝ�Þ Ñ Z ¸ ½�ß Í _ ��à
á�+E± Ä�Å ² ]�É
â Z ¸

½ )�¼ � _ Õ 8 G�S Ö q�r�¨ � ±�ã � ] ¸�¹ ] U�V ª�ä ] Ë ¼ 2E3E½ n<T �Â�¾ ]�p
PMT U�V ª W�Z ]:d�e�f%g�Ö q�r Ü �PÈ  h
±4U�V ª W�Z ] Ë ¼ 2E3<h�åçæ � s

4.4
]�� s ] 9 ( Ö Ó4;���� s 4.4

Ã
BRM

��z
� ¢�è « ] U�V ª -05
]%d�e�f
gLÖ

XY-
�

é�ê�ë � Z:ì o ¨�ÈPR�SEZ
í���� T È�± s 4.4
]�î s Ã¥ï � PMT

Ö�ð 8 È 253 PMT
]

(
ï

��ñ�ò / ó e�ô )
]Pô Z�í���� XY-

� é�êPë �E]Põ 3�ö
÷µh¥øúù:± PMT
]:û Z Ã `�÷<½:ü 8

È  Ê Í Ò<�
½%ý<� ? ÕE�P½�± y�þ Ó Í 27.5 mm M { Z Ã ± ï �
ñ�ò ]�ÿ Ã 4 % h�� ���Ö���� ±�Ó
Ò 95 % ½ 10 % M { h6¦
§ Ü �Â� ¾ ] È  ã � ] PMT h	��¨ ��
 æ d�e
f�gÖ ! Ò º � o ¨ � 8 �k�¾ ]�p ± PMT U�V ª h�Ë ¼ ¨kÈ ¸�¹ Ã ¸
��¹ º Õ Ù ��� ] PMT h�l%m ����� � _ È�íº ± ��¹ ×�� Ö�� � FADC Z����
����� � _ ��� Ô "�i Ô ���
]:��� Ó Í PMT h6Ë ¼ Ü
�P�P� Ö	�4 ±! " « ± ��¹ ×�� ] å�"B¡�( (

s
4.5)

Ö Ó�;�í$#	%4±E� â�&$'1Ö)(�*�+ I�,� � � º Õ Ù.- 7 � _ �Â� � ]�/�01Ö ¸�¹ ( ×6Ø Ù Û ¨k±21�3 Ä #	%L� � º Z�U�V ª ã�CBh
Ò 8 � ] ¢�4	5 Ô � ¢�è « � � �
½�6 Í _ ���
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4.4: PMT Uµt �87 Z ]�d�e
f
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] ¦
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9
5 : ; < = >@? A B C D > E F G

FD h�l��¥ý�H
I ¸KJ ì�Z�L Í _ � &M' Ã ±
H PMT h�Ë ¼ ¨kÈ ¸ h�l��ONQP�I
, º ¾ ]
���<Z�í��k� � _ Í Ó ÍSRUT ]�V H\¢ ê�W ��] ¿�Y > l�X f�b$YUZ%�µ][&�'�Ö�\\´ Ü �PÈ2]]�^�_ « ia`
Ï Å t%u i�v:w�x�]cb�d h:Ò 8 �[eUf ���`%Ï Å\Ã ±

1. PMT g Ô � ¢�è «
2. ��h�V i�ij`%Ï Å
3. k���l�¿�Y `%Ï Å

]
3 Ò ][m2nEÖpo�* Z � # _ �Â� PMT g Ô � ¢�è « Z Ã�q�r h Ç�s Ü � PMT N2P Ö ±�I,�+��P� &$' Ó Í ®Mt©¨k±!u ^2v N2P ( w ¸ +�xUy ¸ Õ 0 V HB¢ ê
W ��z	{ Z
Õ 8 NQP )

º	|
t Ü �k��®<Ê _ È PMT NQP Ö Ç 8 ��h�V i�i}`
Ï Å Z Ã V H\¢ êUW ��] 2E3�+
��l�Õ 0 Ön�o ¨�± ¾ ]Pp ±$k���l�¿�Y `
Ï Å Z V HB¢ êUW ��]M~�� uU� ^ � > l�X f�bMYUZ%�µ]������� �<Ö n�o Ü �k�
5.1 PMT � ����� ���R�T ] J ìEZ Ã ^�_ « i�i�i���� ½�¿�À Ü � º ��z�� ¢�è « {�] ã!� w « � � ] N!P�½����� - 7 � _ ��È2]
± 1 FD

��z
� ¢�è « í�È Ù 256 × 12 � ] PMT
] NQP�½�� � � _4�8 �k� TP� M î
] q�r hEl Ù H PMT hPÒ 8 � V H\¢ ê�W � hEl��¥ý$H�I ¸ ] Ë ¼<]����µÖ� t©¨�±�M p4]�`
Ï Å h s 8 �PÓ 0 �#Ó � o Ü �Â� T È `%Ï Å h���� º Õ�� ¸���¹�� + ¸
¹] X
Y���� Öc� ¶����k�

5.1.1 1st ���� ¢¡¤£$¥¦ f hPH PMT Z�L Í _ È:I
, Ö ��� h q
r ¨Â±
ýMH
I ¸ N!P ]��
�µÖ � o Ü �Â� s 5.1

h�� � � _ ÈPIM, ]	§BÖ�¨�© ��� FD h Ã wMª ¸ h�l�� ¸�¹ ½K«�h¥Ë ¼ ¨ � 8 �6½�± V H\¢ êW � h�l��¥ý$H�I ¸ ½PË ¼ Ü � ºS¬ 8 � â ( ­ 1 ∼ 10µs)
+ ; ¸ F�½ � ø Ü �k� � ] IM,\h

Ò 8 �	®�¯ ó e ¨�Ò�Ò S/N
Ö O�Q ¨�±ç¨�� 8 ô�Öp° ù%È:I
, ]�±BÖ ®
² Ü ��� S/N

Ã M î] O�Q hEl��Â� TP� I�, ] ®
¯ ó eµÖ6b�N Ó Í O�Q Ü �k�
b(t) =

∫ N∆t

0
a(t− τ)dτ

/

N∆t =

N−1
∑

k=0

a(t− k∆t)
/

N (5.1)
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5.1: ¢�4�5 Ô � ¢�è « hEl��)³�,
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5.2:

J ì2´[L Í _ È[³�,!µ S/N µ�¦%§�� V H\¢ ê�W � hEl��¶NQP Öp(�· Õ�¸�³M,�µ Ì Ä
( } )

º (Q¹ Ì Ä
( º )

a(t)
Ã ��� t »[¼�½��)³�, (ADC

ô
) ´�í��Â� ®
¯ ó�¾ Ö	¿$À Ü �6� â � Ã 1.6µs ± 3.2µs ±

6.4µs ± 12.8µs µ 4 ÁMÂ�´�í��k� Ü Õ$# � ±�NQPUµ R$Ã2ÄMÅ « ~Æi «$Ç�ÈMÉ ½ ∆t = 100 ns

Õ�µ$´�± N = 12, 32, 64, 128 ´�í�Ê��ÌË	µ ô�Ö ADC
ô µP¦�Í Va ´cÎ�ÏM��¨ S/N

Ö�� ]�ÊOÐ
S/N =

√

N (b(t) − a)2

Va
(5.2)

Ë
Ëc´ a
Ã

ADC
ô µ�ó�¾�´�íQÊpÐÑËÌÒ
¨)Ó � ] Í�Ô Ê S/N µ%¦
§ Ö�Õ 5.2 »	Ö Ü Ð S/NÃ ± ¾ µ ô ½�×
ý!»�Õ2Ê ®
¯ ó�¾!µ$Ø â � ´ ¿MÀ�Ù Ô Ê[µM´��pÚ � Ã 1 » Ã Õ ÍjÛ ±�ý�Ü�¸ô » Û�Ô Ó�¸ÝÊOÐV H�Þ êUW Ú!»!ßMÊ)N!P Ö�(Ý· Õ�¸ ºáà ù Í�Ô Ê�³�,�µ S/N

Ã$âUãMä
5 ∼ 6 å î »cæ�çè Ó�¸�Êcµ�´ â S/N é 6

ÖO° ù�È[³$, Öpê ² Ü Ô�ë V HÝÞ ê�W Ú!»2ß$ÊONUP Öp(�* ´K¸�Ê	ìí$î é�ï�¸ÝËQð)é�#�Ó!Ê)Ðñ + è â Ë	µ S/N
ô »2ß�Ê � tQ´
ò�NUP�µ	, Ö�� Ó$¸�Õ�¸ ñ ] â V H�Þ ê�W Ú2»Uß$ÊM�	µ´�Õ�¸[NQP�� ê ² è Ó è · Ò�Ë2ð�é�íQÊ)ÐÝóMô Ä »Mò â�õMö�÷ùøùú »2ßMÊ�û�üÝýQþ ÿ ��� Ê
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5.3: ���cÚ
h��K»2ß$Ê
�cµÌð à
	
� Ô Ê)³
� ( � ) ð õ�öK÷ »2ß$Êp³�� ( º )

x2y���� â ���[Ú�h
�cé���� PMT µ��
������� è ñ Ë2ð�»QßMÊp³�� ø�ú ´! QÊpÐ V H�Þ
"W Ú$# � µ[³
��ò�%�& Ä »�'�(���µ��)��*,+Ì��µMé�-�¸ ñ ] â ³��.�/'�(��Ý»$0�13254�1!�Ç è â ³��Qµ
6 ^ ��� Ç Ti ( '�(���»�0�17298 è ñ Ø
µ;:pÚ;<Kµ!6�=>�/� Ç â i ò PMT µ�?@ �� �BA �
C 	�D ´, UÊ ) ð3E σ ( '�(��Q´,0
172F8 è ñ ð	Ü�µHG�I ) ðO¸ ÒKJ @ µH�L��MN$O ½
ÊBP)Q�R[ÚS6
� ¿MÀ � Ê)ÐÆË Ô � µ 2 +Qµ/P)Q�R[Ú;6��UT,V è Ó�W�XÝÞ�"
Y�ÚQ»Qß$Ê
J @ ³��)��Z�[ � Ê)Ð)\�µH]�^Ýò â

1. E�é/_
`�»/a Ù ¸!# â _�`�»Hb�Ü�¸ (σ < 0.1µs
· ñ ò σ > 25.6µs)

2. Ti é�c�Ú!6cµ�6B=�d$ef=S�9gfe (51.2 µs) # �ih Ô ÓHjUÊ (Ti < 0µs k ñ ò Ti > 51.2µs)
l  UÊOÐmW�X�Þ!"!Y�ÚQ»2ßMÊ3J @,n EQò�o 1 ∼ 10µs

l  2ÊOÐÆË Ô ß�þpE�é/_
`Ý»Ha Ù j)qn ò�ï È�r nSs =$t$ UÊ/jUò9���[Ú�uL� â,v »�_�`Ý»/b�Ü�j
q n ò õ
ö�wùøÌú »!ß$Ê�û�ü�ýþKð è ñ �
x n ÿ�y�ð àL	�� Ô Ê (
Õ

5.3)
n l�z ý Ð�k ñ â r � n 6�={�/� Ç é�c
ÚS6 n 6

=,d;e3=
�Fg|e (51.2 µs) � h Ô Ó�j�Ê|J @ »�} è Ó
ò â Ø/~)�����Ý»H�H��q Ô Ó�j ø jMì íî é�ï�j n l Ë Ô q z ý Ð ø ¼ â ËMË l PMT �Uð�»��S� ñ r � n 6�=F��� Ç Ti ò â ������ Ø/~ ð è ÓKå����$V � ÊOÐ
5.1.2 2nd �����9�����

1st �>��<�Þ9�����Qß�ü$Ó ã ðB� ú nms =,t�J @ � z��ml Ü2Êcé â \ Ô l qHk����
x n bÜ ø�� �L�5J @ ð è Ó ê
� è Ó è k Ò�Ë!ð)é, ¢þ âm��� n r �� �¡
�Qß�¢ ê [ n�£ l ò/¤!¥æ l  $¢)Ð
\�¦ l Ù � ��[ n/§
¨ �2ß�¢ ê [�é�©!ª;� ø ¢U«LW�X�Þ
"$Y�Ú��­¬�® � ¢!ð â b
X
¯������ n � � è ñ PMT ò�°�±��cæ�ç � ¢ n l â ¦ n °�± n ��±L��Z�[
�­T$V � ¢U«
²
��³�ò�Þ!"!Y�Ú�´�µ�¶ l�· q�-Ñý â ´,# �¹¸ ý ø ¢�� è ñ éUü�ºH»�¼ � ¢B«)b�X�¯��.q�½�¾¿)À æ�ç.��Á�Â n l�Ã;Ä "$Y�Å�´,# �pÆ�Ç ñ §�È ���$º�j�¢ PMT �$ò�b�X
¯��2éH� � è º
j ø j¢ð £ ø�É ¢U«.\�¦ l�Ã;Ä "$Y�Å�=SR�ÅmÊ n,Ë/Ì ´
��¶�ÍSÎm� Ä "$Y�Å�´Æð £ ø9Ï Ã ¦n ��ÐÒÑfÓ PMT

n�Ô$Õ�§�È Ñ n Æ (
���;� Ã \ n (�Öm×�b;Ø�j PMT
n J @mÙ,s =,t l  

¢SÑ Ï º z h � ¢U« Ï # Ï ÃSÄ "$Y�Å�´,# � n Æ ( nHÚ�Û)Ù %�Ü
Ý�Þ�ß
à�Å��LÊ�u,R�8­á­�â ü�º�ãSk�þ Ã  � # À � A #Uü�º�j ø j�«9\ n�ä �/�S� ä Æ (;��+!j$º n�Ú�Û �
ÑUþ Ã$åæ Ï ä
PMT � z�� � ¢ ( ç 5.4) «
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ç 5.4:
Ä "�Y­Åè8¹Q$2�< ( � ) Ñ Æ ( β

nHÚ�Û
( � ) «�W�X Ä "
Y­Å,� â ¢­c�Å;6 Ù Æ ( n aé j�ê Ú �Bë Ë � ¢ n �/ì Ï Ã \
¦�# �íh
Ç ä c�Å;6 Ùms =$t9Ñ7î 	
�fÇ ¢

5.1.3 3rd �ï���������
2nd �ð��< Ä ��� l Ù Ä "!Y­Åè8ñQm2/<H# �íÆ�Ç ä�§�È # � nSs =,t Ù z��$l Ø$¢U« Ï #Ï Ã 8¹QS2H<���ò�� Ï ä/Ô$Õ �B*!+ PMT

nms =$t/J @,Ù�ó þ zmô ø j�«;õ�ö�÷ l Ù ��� n
� � Ï ä�ø ~Fq5V!j
¢ ä � Ã s =,t�c
ÅS6�� â ¢ Ã�ù�ú � ¢ ø ~ÒÑ­û � #!��ü ø ü ä�ø ~.�
:­Å�<
��*$+ â Â ø J @ ×�ý�� � ¢;Ñ Ã�þ Ï ý7ÿ
ÖS×�����º Ï k Â «;\L¦ l 1st �{�H< Ä �
� l �S� ä Ó r � n ����� � ø ~ Ti # � c�Å;6�����[ � ¢U«
Ó PMT � n ����� � ø ~ Ù W�X Ä "�Y­Å n��
	�§;È Ñ���
����,# � ãmk$¢­x l  
¢3« Ä "
Y5Å 8 Q�2U< Ë­Ì � n�§SÈ�� < 8 ßm��ì Ï Ã�Ä "�Y5Å�´ n�§,È�� <{8 ß n ø � (;� ψ

Ã Ó PMTnH§�È�� < 8 ßS× ø � (L� αi Ñ � ¢ ( ç 5.5) Ñ Ã PMT � n ����� � ø ~ ti
Ù

ti = t∗ +
1

c

sinψ − sinαi

sin(ψ + αi)
r0 (5.3)

Ñ ø ¢U«�¦�¦ l t∗
Ù Ä "
Y�Å 8¹Qm2/< n��!Ì�§�È � Ä "
Y�Å!× ��� Ï ä�ø ~ Ã r0

Ù
FD #� Ä "�Y­Å 8ñQ!2�< Ë�Ì k l n�� Æ l  $¢U« φ− θ

n ��������� l î 	 ¢! #" Ã�$#% � Ù �#&Ù ÷ þ æ ä ø j
× Ã α ×�a é j� �"
� Ù ¶�ÍSÎm��÷ þ æ +FÑ|î 	L�pÇ ¢B« Æ ( αi

Ù Ã Ä "
Y­Å 8ñQ$2�< Ë�Ì!n�§;È'� < 8 ß nc Ñ Ä "�Y�Å�´ � ��(�) Ï ä PMT

n�§;È�� <Ò8 ß n
proj
i# � Ü & l �mkm¢U«

αi = cos−1
(

n
proj
i · nc

)

(5.4)

Ó PMT ��* ô ¢ αi Ñ 1st �ð��< Ä ��� l �;� ä Ti � & (5.3) � â ü�º$0�1f234S1��#+ Ï Ã
0
17254�1!�#+�# � b�Ø�ý h
Ç ä q n � z h � ¢U«
ç 5.6

Ù�,�- é Ç ä W�X Ä "$Y�Å�= � �Ò8 n = � �Ò8 cL1/.�09�7= ( ¬�® é Ç ä =SR�ÅmÊ )l  $¢U«!Ó�1�Å�2�Å n �3� Ù PMT
n�Ô Ð §�È Ã�4 Ù ����� � ø ~ Ã b;Ø é Ù �!x;��5 Ï º

j
¢U«�6�ç�× PMT �F�/< Ä �87���9�Â;: l�Ã S/N × 3 < � n r�= × ��> é Ç ä PMT �
+!j
º�0@?,2F8 Ï º�A$¢5«CB
ç Ù 1st

Ã
2nd
Ã

3rd �F�/< Ä �87#D�9FE ä � l AHG Ã <CI n  
¡ l �
V ÏKJ j PMT � Ù × D�5#L Ï ä « PMT �ð��< Ä �'7�DK9 Â­¦mÑ l�M�N � s =$t/J@ D z��,l Ø�º�j�¢
¦,ÑB× A�O ¢U«
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ç 5.5:
Ä�P Y�ÅRQ¹QTS�U ( 6 ) Ñ s�V t�J @ ��[ n�ä � nCW�VYX 7#+�Z�[\S]Q ( B ) «
B�ç lÙ Z�[^S!_@[
7�+�`BÐ OHa b;Øcb h
Ç ä�d (-2.5◦, 19 µs) ×�AeG Ã ¦ Ç Ù,s�V t�J @ l A,¢mÑf3g é Ç ¢

ç 5.6: �>��U Ä ��7':�� n W�X Ä�P Y�Å V#� 7hQ c�[�.
0.� V « 1st
Ã

2nd
Ã

3rd �F�8U Ä �7�D�9�Â�¦,Ñ l s�V t�J @ D z��$l Ø!¢

5.2 ikjml npoTqRrts
Ê�umRkQ­ápõ�ö
÷ l Ù ÃLÄ�P Y�Å�´ n'u Ø�vH��
 n �T�>Ñ5jCE ä W�X Ä�P Y�Å n Ê�u,RwQ
á�D��m�!¢3«;¦�¦ l Ù Ã 2 ./_�Å Ä ��7 n�,�- c�Å W Oxa ÊHu,RyQBá�D'zpbK./_��|u,ÊHu$RyQ
ápõ�ö�÷ÒÑ Ã 1 .�_�Å Ä ��7 n',�- c
Å W�n�£ D5T,V Ï º��;�m¢'{ s Ê�uSR|Q�ápõ�ö
÷ n�}§mn  #"���~�j
º8�
�
¢3«#�/����:/� n�§ ×/ÿ�Ö,× â j ä � Ã 2 ./_�Å Ä ��7�< � l c�Å W'�
ë é Ç ä�V#� 7�Q ( .#_ð�Uu V#� 7�Q ) n  �" Ù :�� l õ�ö�÷ Ï Ã \ Ç ����� Ï ä  �"�A$¢�jÙ

1 .#_�Å Ä ��7 n�£ l c�Å W'� ë é Ç ä/V#� 7�Q ( { s'V#� 7�Q ) n  �" Ù ��� l õ�ö�÷��
¢5«mj�� Ç n  �"L�,q Ã k8�3.#_�Å Ä �87��,Ñ�� Shower-Detector Plane (SDP) D��;�$¢U«
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5.2.1 PMT �T�x���]�
Ê�umRkQ­á n ã��m� Ù Ã�� � n � � §�È ×����m� � ª l A,¢U«�~,k]G Ó PMT

n�Ô,Õ D��
�)���.¢B©
ª,×�Am¢5« PMT

n�Ô,ÕmÙ Ã
PMT ÑY� Ñ n �3�S}'�
� ô�l J b Ã��T� n����#�Jx�\� ¸ ����� n öC  Ã PMT ¡@¢ l n ¤�£���¤eD�î�¥��9¢­©$ª,×CAeG Ã�¦T§ J/¨�©�ª
« l

�;�$¢ n
Ù'¬ Ï j�« â E�º Ä X�­ �3Å W D'®!j!º�A a!O À � ª�« Ï º#*pbñ«Ä X�­ �UÅ Ä �87T¯\� Ù §#°Sl�Ã
± 9 � D FD
n/² ¢/�.��� � Ï º�� V QB�3ÅC.3D'9Sj Ã

Ó PMT ��* ô ¢U� � � ��³�D/�
¢
q n l A$¢5«ð¦ Ç � â G Ó PMT ×�A,¢�³�Ö���ì Ï º �n8´ Ö n ¡!Ö�D�µcE�º�j�¢ O ×�¶ O ¢B«Ò¦ n/§!¨ l8· apÇ ä PMT ¸'¡$Ö Ú�Û D�ç 5.7 ��L��« PMT ¸ Ô!Õ,Ù * â'¹ 1◦
´ ÖT¸�º,×pGKD�µcE�º�»
¢/× Ã �@¸ ² ¢ ��¼ JF� ¸�)
½@¾ ¹ ¸ºS×]G §F¿�Ù 2�À�Á�Â�¸HÓ d ¾�Ã3»
×CA$¢!¦mÑB×�¶ O ¢5« ¦8¸ Ô,Õ ¸�ºm×]G�D8� ¿ î
¥ Ï º

Ê/ÄCÀkQ�áíõ�ö�÷�D�9�Â^¸ Ù�ä »#�CÅ�¾�AeG Ã V#� 7hQ õ�ö�÷@¸ ª�« ¾ Ù ¦ Ç D 1
§
È ¾�Æ5 é É º8Ç Â « ¹ ¦�¾�Ó PMT

¿ ì Ï Ã�È�É���Ê ³@¸ �$Ì/Ë
È D PMT ¸ Ô Ð Ë
È Ñ Ï º��Ì �xÍU«Î ä
PMT Ï,Ñ�¸ Ë�È
¿ â Í\¡!Ö Ú�Û)Ù Ã
Ð ���HÍ�Ñ
{�7'_�2HßH?'ÒcD�Ó/Ô�Õ��xÍ�Â�¾ �Ö ¾�A�ÍK×

5.2.2 Shower-Detector Plane

Shower-Detector Plane (SDP) Ñ Ù Ã�Ø�Ù�Ú Ñ Ä�P�Û Å�Ü ¿ â E�º�Ý afÇ Í ± ¢3¸cÞ,Ñ�¾ACÍ!×ßÞ�Þ8¾ Ù .#_�Å Äxà 7#D����C¾#��~T¸ Ø�Ù�Ú Ñâá J.Ï Ã .�_�Å Äxà 7 ËHÌ D!���
ã d
Ñä�xÍâ× i åçæâ¸ PMT

¿�è P�Û�é Ü Oxa;ê É é\ë ä�ì�í�î ����Ê × È�É Ï ä Ñä� ë3ï/ð SDP¸/Ò�Ð � UçQ ß n
Ù ¹ ¸ PMT ¸ Ô Ð ËFñ k

i Ñóò�ôpõ J Í!×#ö�÷@¸ PMT
¿ ��Ê3ø8È E#ùõ�ú!û ð <�ü�¸ χ2 D�ý�þ ¿ �xÍ n

ø
SDP ¸/Ò/ÿ���UçQ��@¸8ý����c¾�A�ÍK×

χ2 =
∑

i

wi(n · ki)2

σ2
i

(5.5)

Þ
Þ�¾ σi � PMT ¸
	��cD�
�¥�úKù����
Õ�� Ê ¾ σi = sin 0.8◦
ð
wi ��� á�¾�A�ÍK×�Þ�Þ8¾� ð è P�Û�é Ü ¿�� » PMT

¿ � ácD�~��/û
wi =

Npe
i

Npe
(5.6)

õ �xÍ!× Npe
i � i åyæK¸ PMT ¸ ����Ê ÷ ð Npe � � PMT ¸ ����Ê ÷@¸ ± £3¾�A�Í!×

5.2.3 ����� �"!��$#&%(' )+*-,
. _0/KÄ V ��1çQ ¸�243 � ð 2 ~3¸ SDP

ø65 Î Í�×87(9#û è�: Û�é Ü � 2 ~T¸ SDP ¸; ÿçõ�ú�û6<+=+> ë Í ( ? 5.8) × 2 ~T¸ SDP ¸�Ò#ÿ@�-ACBD��E ¹ ë�F#ë n1,n2 õ � ë@ï�ðè@: Û�é Ü3¸ Ëcñ �GAHB�� s �
s = n1 × n2 (5.7)

¾JI�Í!× Î ù ð è�: Û'é ¸�K�L�M�N R � ð(O�P Ë�´JQ






n1 · R = n1 · r1

n2 · R = n2 · r2

(5.8)
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(b) PMT 247 (c) PMT 119

(d) PMT 255 (e) PMT 127

? 5.7:
�(R6S@T ¸�U Ê�È�É Ëcñ�¿WV6X Í PMT ¸�¡�Y (BRM Camera00 ¸WZ ) ×�Â � 1 [�ÀÁ/¸�\ PMT

¿�] »�û Î õ�^#û�_C»�ù�`�¸ ð ü ��a PMT b ¿ _3»�ù4?�¾@Idc ð�e R�S 	
ÿËFñgf >�¸Wh VJi@j8Ëcñ E�k#Ü ¿ õ�9�û�»FÍK×@÷�� � èml
n / é è à 1�o�¸ È�É U Ê ÷ ¿�VX Í ØFÙ U Ê ÷@¸�p3¾@ICÍK×yÞ8¸ Ëcñ Ï3õ�¸
q@Y4rgs � Ð4t X Í'Ñ4u-1�vJ[(��w
x(y@zT¾�{|~} ë Í
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Station1
Station2

? 5.8:
. v~/âÄ���ÄCÀ�B ��x(y4z
× 2

] ¸ SDP ¸ ; ÿhõ�ú!û è�: Û'é Ü ø�� Î Í

¸W�hõ
úKû · > ë ÍK× ri � i åkæ!¸ FD
. v é è à 1�¸�M�N��mAHB��T¾@ICÍ!×

5.2.4 �d�m!��"#&%('�)+*�,
uG���6�-1"B ¸�2�3 � ð a PMT ¸�U Ê ¸ È�É o��J����` | » j � ë@ï �/ÄCÀ�B � � 5 Î> j »�×�� ð SDP � 5 Î 9/û#»@Í�`�¸�õ
úâû ð FD

. v é è à 1gE�ã@�eõ X Í�������¾�
G=Í ( ? 5.9) ×~K�L M�N+E r∗
ð è�: Û'é�ø K�L ¿
�@� úKù�o���E t∗ õ X ÍK× Î ù è@: Û�é ÜÂC¸ ri ¸g� f >�o�� tP

¿ ê Ù } ë ù(U Ê � i åkæ!¸ PMT
¿ 7+c�o�� ti

¿ ØFÙ } ë ùHõX Í!×ßÞ8¸xõ
�
ti = tP + 1

c |ri| (5.9)

t∗ = tP + 1
c |r∗ − ri| (5.10)ø z�c P ] ×YÞ
Þ f > tP EW��� X ëTï#ð

ti − t∗ =
1

c
(|ri| − |r∗ − ri|) (5.11)

a PMT �
	@� � �4  ¾@I�Í���¾ ð U Ê ��¡@¢4� ri

T ��£�¤ αi ` �4  ¾�I�Íâ×YÞ ë E |�¥û Q (5.11) E
¦���§m=�Í3õ
ti = t∗ +

1

c

sinψ − sinαi

sin (ψ + αi)
r∗ (5.12)

Þ
ÞW¨ ψ � è�: Û'é Ü�� SDP ©�¨4�(ª6«@¬ f >��
£@¤�¨@ICÍ!×�x(y�z�� é@­ 1(©6¨ � U ÊÈ
É o�� Ti ��®@¯(°@± σi E

�²�úKû ð4³ ü�� χ2 E�ý
þ�´ X�µ `���E t∗
ð
r∗
ð
ψ �8ý���çõ X-µ ×

χ2 =
∑

i

[

{

ti − t∗ − 1

c
si(ψ)r∗

}2
/

σ2
i

]

(5.13)

ù4¶Hú si(ψ) �
si(ψ) =

sinψ − sinαi

sin (ψ + αi)
(5.14)

¨JI µ ×]Þ���7G·¸´�ú!û r
∗ õ ψ

ø��º¹ µ ��¨ ð(»�¼ õ�ú!û è�: Û'é Ü���½ ñ �mAHB��hõ(K
L�M�N T ��½ ñ �GACB¾� ø(5 ^-> ë µ ×
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Shower Axis

r
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Telescope

t = t
i

Shower Core

t = t*

t = tP

α
i ψ

? 5.9: uG�g��¿�À�B ��x(y4z

5.3 ÁÃÂÅÄ�ÆÈÇÊÉÌËÎÍ - Ï&ÐÒÑ�ÓÎÔ�Õ Ö�× -Ø ½+Ù ¡ � �gÚgÛ ® }¸Ü ù�U@Ý f >�Þ6ß�à }6á�â ��ã�ß+ä :Jå�æ�ç � �4è ÷�E�é�ê X-µ@ëâ ¨ � ¯J¨J� µ�ì6í~î >ï�4ð
¡yú!ù Waveform Sum Method [49] �gÚ 10 MHz ��ñ�òJó�1�ô��16õº/ æ Bö¨�÷gø }ùÜ û ¥�µ�ú4û�f > 100 ns
áJâ � a PMT ��U ��è ÷GE 5 ^ Ú�ü Ü E Vý X-µ Þ�ß6à } � ��è ÷m´Wþ�§hú Ú ã�ß�ä :@å
æ � Ø ½�Ù�¡ � E�x(y@z Xdµ ½�ÿ�¨@I µïìCë� Waveform Sum Method ����� ´����G´	� æ�
 ����¨º� µ�
�� ø I µ�� ½ Ú ­�� /(1@K� U������ ­�� /�14K � U ø���� ç ´! ¹ Ü-µ�ë�â E

�²hú�û ¥�j(¥ Ú â¸¥ · � ¯ i@j�"#�ø I�9�ù ì�$ 4 %@¨ t�& ù�7G·�´ Ú Þ�ß#'4U Û ®�¨ � ��¿�À�B ��´�7�9#û � f@j c¸��(�3�¨­�� /�14K � U�� ü ������U ø�)�* Xdµ ù�^ Ú X & û(Þ�ß#'�U f >���U â ú�ûW���hú�ûHú ¹· â,+�- �/. æ E10�Þ32#4658795 ¹ · ì ü ë ¨ Ú ­�� /�14K � U â ü �����+E�:�;�´�
�² Xµ	< ^�´ =?>4uG1
v�[�@�w ÿ�AdE |@¥�<�Ø ½+Ù�xgy4z�@ æ ­ 16E6ð
¡65 <�ì ³�B Ú4ü ��C#D´ ]�¥ 7 t�& µ�ì

5.3.1 Xmax EGF
>4um1�v�[�@�w�ÿ âIH Ú �(¿�À�B � xgy4z�¨�J"> ÜK< ä :Jå�æ�L ´�M�9�7 ÚON c f =/5�ãßGä :Jå
æ E�um1Wv@[�@8wgä l
n / æ BI5 Ú PMT [�À�P�¬�¨ Û ® }�Ü�µ ��� E�é4êO5 Ú(Û® }�ÜK< ñ�� æ�
 EJ`�9 â `�7 N x�Q X�µ ã�ß+ä :Jå�æ E�R�S�T�ÿJ¨�I µ�ì ã�ß+ä :Jå�æ �Ø ½�Ù�¡ ��U8V/H Gaisser-Hillas W�XGE�{�9�7 Xmax Ú Nmax EIYZP(À æ�
�â 5 j3[ > N c f=/5�¢gz }�Ü-µ�ì ñ�\J´ H Xmax ��]�^#_-E }I[�X�ì/`�aJi ´ H Ú ë � â � Nmax = 1.0

â
b ¯c587�dº� Ú Ø ½+Ù ¡ � � û�[3�#e�Xdµ `���EIf X(ì ¹ < Ú Gaisser-Hillas W�X � X0

H
Ø ½+Ù
¡ �/UIV � û EWÞ+� N þ�g }ihdµ YGP6À æ�
 ¨ H4j6¥�< ^ X0 = 0.0 g/cm2

â � ´ b¯ }�Ü 7 ¥�µïì<�=G> Ü�< Xmax Ú Nmax

f >ï[�ÀKP�¬J¨@� ��� E 5 ^ µ �4¶ [ Ú $ 4 %�¨ t�& < ��jGkB ä l
n/l�æ änm�k â!oIp ´ Ø ½+Ù�¡ �Jf > l � B l¸æ�q EIr · â é4ê�s-�!t�u [ Þ+� Xwvµ	< ^�Q�ñ i ¨ H�jg¥(ì ü � < ^ Ú $ 5.2.1 x�¨ t�& < PMT ��y V ½�Ù�E�zº^ µ�â ��´�ä
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l�n�lùæ B{5 < ½�Ù á�â � q�Y�r(s-E8| | 5}7�é�ê�E1~���g�������g Xmµ¸ì i ���¸� PMT ¨�Z� }�Ü-µ ���
npe

i ( U#� è X )
H

npe
i =

∫

x

∫

λ
NRayTrace

xλ × fi (nx) dλdx (5.15)

¨3zº^ µ�ë�â1[ ¨J� µ�ì�ë�ë ¨ NRayTrace
xλ

H ��jnkO� ä lWn�l¸æ änm�k o�p Ú à } x g/cm2á�â ´�Þ�ß#'4U Ú ­�� l k#� � U Ú ��� ­�� l k#� � U�� e R�S ´!� N U è Xw��é�ê�5 Ú $
4.2 x�¨ t�& <(Q (4.16) ��M�N�´!�#��5 j(¥	� Xn� fK��< U è Xº¨�� µïì fi (nx)

H � µ ½+Ù
nx

fG� ���3r�U [ i ���ï� PMT ¨ �/� }�Ü-µ (���¨��dc Ú/� 5.7 �!_G´
hZ� X-µ�ìQ
(5.15) �ï{Z��7(é�ê�5 < �K� â Û ®#� æ�
 �J` â ´ ÚK� �	��Yw�
é�ê X-µïì

L =
∑

i

{npe,data
i log

npe
i

npe,st
} (5.16)

npe,st =
∑

i

npe
i (5.17)

ë�ë ¨ Ú npe,st
H(Q

(5.15) �Jä l
n/l¸æ änm�k�¨6é4ê }�Ü�<�q v æ änm�k�¨@�(U�� è X+���¨���c Ú npe,data
i

H ñ�\4� Û ®�� æ�
(fn� zº^ < i ���¸��U#� è X�¨�� µ�ì Xmax ��þ�� j3[� Ú Q (5.16) �	��YZ� N c f ��5ùé�êO5 Ú ]�Þº´ j�µ Xmax ��]�^#_ â�X�µ�ì

5.3.2 Nmax EnFØ ½GÙ
¡ � ��z�^ < �K  Ú Nmax ��z�^ µïì �w� }�Ü�<�¡ U�� è X [ `�� â `!¢ f � <�qv æ ä�mIk�¨�� ¡ U�� è X â Ú Q (5.15)
fG� z ¹ µ Nmax = 1.0 � ¡ U�� è Xº��p fn� Nmax� � ¯ X�µ�ì�X�j�£   Ú

Nmax =

∑

i n
pe,data
i

∑

i n
pe
i

(5.18)

¨K� µ�ì � 5.10
H Û ® }�Ü�< ä�¤ å
æ ��À æ � â Ú x6y�z »4¼ ��` â ´�¥ (5.15)

f¦� é4ê
5 < PMT ¨ �/� }�Ümµ U#� è X â ��p�§�¨�� µ�ì � 5.6

â!oZ¨ ��jnk�� ¨�� µ�ì�© � H a
PMT ¨ Û ® }¸Ü�<(ú4û � æ�
 �	ª	«w¬�­ á�â ´�®�5!� £	h Ú o������n�WÞ�ß�¯m^
à } ´�þ� < `W�6¨�� µ�ì�° � H zº^ < Xmax Ú Nmax � Ø ½�Ù�¡ ��U8Vºfn� ¥ (5.15) ��{ ¥ Ú [@À�P¨ Û ® }¸ÜmµI± � è X�z�^ Ú�²�³ ¦��Z5 < � ¨�� µïì � æ�
 ��´� 	µ [ c Ú ´�  B [ c¶��·¸ ç ´{«�¹�º µ�» À�P���¼�¬�½i n¾37 Û ®�� æ�
 ��ä l�n/l�æ ä¦m�k�¨�¿ N x#Qº¨J��7 ¥Gµë�â{[#£�Àºµïì

5.3.3 Energy EnF� ��Á�Â V � +�- @/. æKH ã�ßGä�¤ å�æ+ç ��Ã�Ä è � +�- @/. æ �	�@é�¨K� µ�ì >�uZk�v» @�w�ÿ@¨�z�¾ < Xmax Ú Nmax � Gaisser-Hillas W�X+´�Å * 5}7�Æ@r�º µ�â Ú ��Ç�z#È�� +- @/. æ ���Jé Ecal

[ z ¹ µ�ì Ecal

H�� ��Á�Â V � +�- @/. æ ¨ H�É6¥+ëºâ ´�Ê�Ë�º µ�ì

Ecal =
dE

dX

∫

∞

X1

Ne(X,Nmax, Xmax, X0)dX (5.19)
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� 5.10: Û ®#� æ�
�â äZÌ8Í lùæ ä�m1k â{Î�Ï § ì�© � H ñ�\J´ Û ®¦Ð ÜK< � æ�
 ¨��nÑ Ú °
� H	Ò�Ó�Ô ¨	J ��Ü�< »4¼ À9� änÌ!Í l�æ �15 <�± � è Xn� ²�³ ¦�Õw587�Ö µ�ìZ×�Ø�[ Þ6ß
' ± Ú�Ù Ø�[ ­�� l k�� � ± Ú#Ú Ø�[Gl,ÛOÜ�æ ���¦Ð Ü�< ­�� l k#� � ± Ú�Ý Ø�[ Ì æ ���
Ð ÜK<�Þ � l k#� � ±KÀ¦�{Î�± � è Xw�!ß�º

ë�ë�à
dE
dX

H
1 � è [ ª!«�Þgß6àáÐ}â�� <�ã#Î �3ä energy deposit

à
2.2 MeV/

(

g/cm2
) à

� µ�ìâ�ë�å�à
Gaisser-Hillas W!X H

t =
X −X0

λ
(5.20)

ξ =
Xmax −X0

λ
(5.21)

�!æ�Ö�73ç�Õ�èw��é â
Ne(t) = Nmax

(

e

ξ

)ξ

e−ttξ (5.22)

â{É é ì 5 <�[ ��7 ë!Î Æ#È à ��é Ecal

H�ê k1ë�WIX Γ �1æ#Ö <	ì B Î ¥�� égê3º ÜKí ¿1Ö ì

Ecal = λNmax
dE

dX

(

e

ξ

)ξ

Γ(ξ + 1) (5.23)

ü Î ¿/î,ï/5}7�z�ð#� < Ecal ï�¥ (4.1)
â ¥ (4.2)

Î
Missing Energy

Î!ñ�ò �}óG�#é ëJâ ï
¿���7 Ú � ��Á�Â V�Î�+�- @Z. æ E0

[	ô�õ Ð Ü é ì
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5.4 öø÷úùüû
ý�þ ð!ÿ�Ð ÜK<3Ò3Ó�Ô�� � ��� ��� Î	ôKõ :��n�I2�4�5 <�ìZ`#a	� ï H Ú äZÌ!Í l�æ änm
k � � �
� ��� à
��Ô 5 < � æ�
 � Ò�Ó�Ô�� � �
� ��� à�� ��5 Ú�ü Î���� â äZÌ{Í l�æ ä/mk �3Ô�ã ï���� < YnP�� æ�
3Î��0â ü Î È�� ÀG� :��n�12�4�5 <�ì

5.4.1 �����! #"%$'& EnF)(+*
BRM

q�,.-0/ m�k21 LR
q�,.-0/ m�k Î�3
4�à � Üiê5- Ð76Gé q5,cl98�Û jGk�� Î�ôKõ: �Z�<;�=?>9@BA ì	C�Î�D5E�à	/ Ì!Í lF- �9>9@BA

• G ��Á�Â V/Î
H5I5J%K
- E0 : 1018.5 L 1019.0 L 1019.5 L 1020.0 eV

• M�N 4%O�Î�P�Q.R : 0 - 60 � à
S�4T�
• M�N 4%O�Î�4 « R : 0 - 360 � à
S�4T�
• � � «�¹ : BRM 1 LR

q�,.-0/ m�k Î y	U%VBW Î�X�Y5Z�Î�[.\�À¦��]�^ 12 km
ì2_

•
Û jnk��a` : b H5I5J%K�- ïBc�Õ 500

Û5d'e �
à ��é7A � 5.11 ï BRM L LR f ,�-0/'g�e	Î «K¹ih � �!jk>9@BA BRM L LR f ,.-0/+g�eÎ y	UiV�W ÎlX�Y�Z�Î
[�\ � Ù�m (CLF

Î «K¹��9n \ 1 ºwépo.q0r à - 0.7 km, - 3.0 km)
à

js> L / ÌIÍ2t - �iÐp6	@ Û�d�e � Î � � «�¹ Î�u)v � ��Ô ºné ]B^ 12 km
ìT_�Îlw.x#y!z

×�Ø�à j?>7@�A
ð5@ L�{	| >7@�f ,�-2/+g�e�Î�} U Î V�ï Xmax ~B�k� É Ö��5�)� Xmax

y!��� ;�=?>9�
>1ðáî!�01 ~�� Ö�@	� L

• Xstart < Xmax < Xend

18Ö�î Û5d'ek��� tB� /�g�e!D�E+y ó�� L } U _ ï Xmax ~ {	| Ð�6 É Ö��5� Î�Û5d'es� �� Ö�@�A��5� à Xstart � /��.�!-�Î�� �<�i� Î�� Ð L Xend � � �l�T�¦Ñ Îl� Ð L Xmax � ÒÓ�Ô�àB� � 60@ /�����-KÎ
��� ÿ0� � Ð àT� é7A�� Î5�'��� y ó¡�
@
¢/ï L / Ì!Í%t -2/'ge	à �i��@�£'¤�� -i¥ 1 Ò�Ó#Ô�à�¦ ð�§5@�¨ y�Ï.© ><@BAª
5.13

Îl«�¬ ï5� / ÌIÍ2t -0/#gle�Î M.N 4iO 1 Ò�Ó#Ô�à�¦ ð.§�@ 4iO 1 Î�­ Õ R�Î È��y jk> L�® ¬ ï5� / Ì�Í)t -0/'gBe	Îi¯ ��°T± 1 Ò3Ó�Ô�à�¦ ð�§5@ ¯ �!°2± Î�².³2´�µ � y
js>7@�A�¶�· � ¸ ï L G5¹�º�» Zi´�H�I�J)KB- E0 ~ 1018.5 L 1019.0 L 1019.5 L 1020.0 eV

´ �
� à�� é9Aª

5.14 ï�� L «.¬ ï�� /%¼<½ t -0/)g!e�´ Xmax 1
¾
¿�À ���2´ Xmax 1 ´B�0´Bµ � y<ÁÂ A ® ¬ ï5� /%¼<½ t -T/%g!e�Ã �i��@
G5¹�º�» Zi´�H�I�J)KB- E0 1 L ¾
¿�À Ã
¦ ��@ H5IJ)K�-
Erec

0

´B�0´Bµ � y jk>�@�A H�I�J%KB-�´B� � E0

Ã�Ä §���Å µ.Æ�ÃBÁ�Ç 60��È/é�A ª
5.13 É!Ê L ¶�· � H5I5J%K�- E0 ~ 1018.5 L 1019.0 L 1019.5 L 1020.0 eV

´ �5� Ã	� é9A¦ð�@Ë 6	Ì�6 ´�µ �wïBc�È���� ê ��f�h�` ÃTÍ.Îp�7,iÎ.e5Ï >7@0Ð Z�Ñ9Ò�Ó5ÔiÕ�Ã�Á j?>7� �	Ö AÁ
5.1 ×�f , t 8 ¾
¿�À ´BØ�Ù : � y�Ú 1!��@�A #sim. � � Às>�@
Û d'eÜ� ` L #trig. �Ë ´ÜÝ9Þ

BRM 1 LR
´53�4iÃ���ßFà�-�Ç 62@5Û d�eá� ` L #rec. ��â 8 � �lß ¾�¿�À?1ã.4)O!ä ��¾�¿.À y!å §�@�Û d�es� ` Ã��¡æ L #sel. �
Û d'ek��� t�� /'g�e<D5E+y<ç @�> L
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ª
5.11:

/)¼F½ t -	/0g7e�Ã�è À Â#Ö5¯�é °�± ´lu0v A BRM L LR f ,�-	/0g7e�´ °�± 1 CLF´ °T± ×9ê'�lë m Ã BRM 1 LR
´l} UiV�W y jk>�@�A z5ìT´�uiv � } UiVBW.· � 12 km í_ L�î ´Bï5ð)´�w�x � BRM · � 20 km í _5´Buiv	y j Â

E0 [eV] #sim. #trig. #rec. #sel. ∆Angle ∆R ∆Xmax [g/cm2] ∆E0 [%]

1018.5 500 232 182 178 2.9◦ 379 m −2.4 ± 15.7 −6.5 ± 6.2

1019.0 500 420 358 331 1.5◦ 193 m 10.8 ± 19.8 −2.5 ± 5.4

1019.5 500 478 448 387 1.3◦ 156 m 11.8 ± 18.0 1.5 ± 5.5

1020.0 500 500 469 388 1.1◦ 159 m 13.8 ± 17.8 3.3 ± 6.7

Á
5.1: f , t 8 ¾�¿.À Ø�Ù :�ñ

ò §�@�Û d¡e?� ` Ã	�0Ö A ª 5.12 � BRM f ,�-2/�g�e
Ã {0| >9@���� ´��lß�à5-5ó	Æ%y
j Â A H.I5J+K
- ~�ô ê Â�Ö 1�1 Ñ × /�����- ~ ��ßFà�-�Ç 6 Ö9u%v ~
ô � > L 1018 eV

Ã
�öõ 15 km L 1019 eV

Ã �÷õ 30 km L 1020 eV
Ã ��õ 50 km í _ ×�M�N Â'Ö<ø�ù)/�����- ~ú�û

100 %
�<ßpà�-'Ç 6 Ö A ∆ Angle L ∆ R ��M.N 4)O�´5­�ÕlR 1 ¯�é °	± ´B²5³ ×Bc.È��ü Ç È 4 · � 68 %

´ Û d�e?� ~Bý Ú 6 Ö�þ	ÃT�TÖ A Ú @ L ∆Xmax
L ∆E0 � à+ÿ f µ��#ÃÍ�Îp�9,)Î�e�Ï >7@'1 Õ�´���� ¨ m 1 q����	� σ ×�c�È�� m± σ
Ã jk>9��È Ö A

E0 = 1018.5 eV
´ 1 Õ � BRM L LR

´
2 c ´ f ,�-2/'gBeBÃ��!ß�à5-�Ç 6 Ö Û d'e?� �ä�è�Â+Ö<��ù�
���
 ~���� È.@���× è Àk>7@ 500 Û d'eÜ� ´�ÝFÞ 232 Û d+es� >�· �<ßpà�-Ç 6 � È�A H5I5J%K�- ~������ Ö 1�1 Ñ × äTè5Â�Öl�5ù	
���
 ~�ô � Ö @T� �!ß�à�-�Ç 6 Ö

Û d'es� ~�ô � L 1020.0 eV
Ã ���0� ´ Û d'es� ~ 3 f ,�-2/�gBeBÃ��lßFà5-¡Ç 6 Ö A
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ª
5.12: BRM f ,�-2/'gBeBÃ�´ �!ß�à�-�ó�Æ (

« ¶�· � ¸ × L 1018 eV L 1019 eV L 1020 eV´ �5��A )
�lßpà�-�ó�Æ 1�� ´ h��+� ® C0y����

FD
´ â 8����lß ¾�¿.À)� H.I�J+K
- ~�ô ê Â�Ö 1 L � t�� /'gBeBÃ! �" 6 Ö PMT ` ~

ô � Ö @	� 4%O ~ ØiÚ�æ$#�Â ��� Ö A Ë ´ @�� L H5I�J#K�- 1�1 Ñ × Ø	Ù :�ñ ~&%���� §5�
È � �T1 ~ ��· Ö A Ú @ L ã.4)Olä ��¾�¿.À Ã � H�I5J#K
- ~'�(��� Ö ×
c.6T�Tâ 8)����ß
¾�¿�À ´ :.ñ ~'�(��� Ö @	� L ∆Xmax

´ q*�'�+� ~ ü Ç �,� Ö A Ú @ E0 = 1018.5 eV
Ã

∆E0 ~ r�-�.	× ü Ç �,� Ö
´ � L PMT
� t�� /+g�e�Ã ü Ç ��/*0 y��'1 1�>7��> Ú È L �� ¤�2 Ã!354%Ç 6i@ /�0�6 ` ~ ü Ç �7� §���> ÚÜÝ �i1 ~�8 � � 6 Ö A ∆E0 �:9 ´�H�I�JK
-
w.xiÃiÑ q����+�2� ú 1<;�9>=i� �>? ü Ç È�A

5.4.2 @�A�"%$�&&B:C (+*
1 c ´ FD f ,.-0/'gBeBÃ!D�EsÇ 6T@�F -i¥�y	Ñ 1�×B¾�¿.À y<å�ÝHG:I ¾�¿.À+×Bc	È�� ÑJ+K#y ;�=?>9@BAií C�´�D5E2Ã	/#¼�½ t -2/'gBe >9@BA
• G�¹�º�» Z%´
H5I5J%K
- E0 : 1018.0 L 1018.5 L 1019.0 L 1019.5 eV
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(b) E0 = 1018.5 eV
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(c) E0 = 1019.0 eV
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(d) E0 = 1019.0 eV
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(e) E0 = 1019.5 eV
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(f) E0 = 1019.5 eV
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(g) E0 = 1020.0 eV
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(h) E0 = 1020.0 eV

ª
5.13: f , t 8 â 8�� �!ß ¾�¿.À ´
Ø�Ù :.ñ A /+¼�½ t -2/'gBe�´�ø�ù)/�����- M	N 4#O

1F¾�¿.À Ã�¦0Ú §�@
M�N 4%O�´.­�Õ�R2´�µ�� (
«�¬

) 1 L /#¼l½ t -2/+g�e
´2¯Bé °T± 1p¾�¿
À Ã�¦TÚ §�@ ¯Bé °T± ´ � ´
µL� ( ® ¬ )
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(b) E0 = 1018.5 eV
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(c) E0 = 1019.0 eV
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(d) E0 = 1019.0 eV
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(e) E0 = 1019.5 eV
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(f) E0 = 1019.5 eV
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(g) E0 = 1020.0 eV
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(h) E0 = 1020.0 eV

ª
5.14: f , t 8�ã.4)Olä ��¾�¿.À ´
Ø�Ù :.ñ A /+¼�½ t -2/'gBeBÃ�M �
@ ����ä � �ÜÇ�N

¾�¿.À Ã�¦TÚ §�@ ����ä � �ÜÇ�´ � ´
µL� (
«.¬

)
N L+O ¼l½ tQP O g�eBÃ�M �
@ H5I5J%K PN ¾�¿.À Ã�¦0Ú §5@ H5I5J%K P ´ � ´�µ�� ( ® ¬ )
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• M�N�R O�´�P�Q.R : 0 - 60
ñ Ã
S R�.

• M�N�R O�´ R ° R : 0 - 360
ñ Ã
S R�.

•
¯Bé °0±

: BRM
´���� ¤ camera06 L 07

´�} U�R O 20 km í _

• Û d'ek� ` : b H5I5J%K P2×Bc Õ 500 Û d'es�O ¼!½ tSP �pÇ 6T@ ¯�é °0± ´�u)v�y�ª 5.11
´ î � ´lw.x ×!js>�@BA Ú @ L fLT¡t 8 ¾
¿�ÀU N É!Ê+× L

• Xstart < Xmax < Xend

´ Û d'ek��� t�� O g�e!D�E'yWV ><@BA
í�¶ ´BD�E#y7ç @'>7@
Û d+eÜ� ×�c.È.� L M.N�R O L ¯�é °T± L �.�
ä � ��Ç L H�I�J%K P
×�c�È�� O ¼�½ tQP O gBeBÃ�M ��@�¨ N ¾�¿�À Ã�¦TÚ §�@B¨ ´ � µL�¡y�ª 5.15

N!ª
5.16 ×Á jk>7@�A#f�T�t 8 ¾�¿.À ´ :�ñ N ÉlÊ#× L :.ñ y�Ú:N � Á 5.2 ×lj?>7@�A

E0[eV] #sim. #trig. #rec. #sel. ∆Angle ∆R [m] ∆Xmax [g/cm2] ∆E0 [%]

1018.0 500 332 294 201 5.5◦ 745 −13.2 ± 35.7 −8.8 ± 8.9

1018.5 500 498 472 303 4.8◦ 865 11.7 ± 50.5 −3.9 ± 7.8

1019.0 500 500 474 290 3.4◦ 507 18.8 ± 48.5 0.1 ± 8.7

1019.5 500 500 482 273 4.2◦ 609 12.5 ± 55.0 2.9 ± 8.9

Á
5.2:

GXI ¾�¿.À Ø	Ù :.ñ

â 8*���!ß ¾�¿�À Ø�Ù :�ñ ��f'T�t 8 ¾�¿�À#ÉlÊ+× L H5I5J%K P ~������ Ö ×
c562� :�ñ
~	Y5��� Ö A E0 = 1019.0 eV í.¶2× � Ö*N M�N�R O�y 4.2◦ í _ L ¯Bé °T± y 650 m í _5Ã¦ � Ö � N ~ Ã	Õ�Ö A Xmax

L E0

Ñ
E0 = 1018.5 eV í.¶ Ã �lq����+� ~7Z 50 g/cm2 L 8.5 %[ ñ × � §��5È�� H5I�J#K P�\�] J � � È
A

66



 Angle [deg]∆
0 2 4 6 8 10 12 14 16 18 20

N
um

be
r 

of
 E

ve
nt

s

0
2
4
6
8

10
12
14
16
18
20
22

(a) E0 = 1018.0 eV
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(b) E0 = 1018.0 eV
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(c) E0 = 1018.5 eV
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(d) E0 = 1018.5 eV
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(e) E0 = 1019.0 eV
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(f) E0 = 1019.0 eV
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(g) E0 = 1019.5 eV
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(h) E0 = 1019.5 eV

ª
5.15:

G5I â!^ � �!ß ¾�¿.À ´BØTÙ'_ ñ�` O ¼�½ taP O gBe�´�ø�ù O ��� P�b	c�R5d N ¾
¿�À Ã�¦0Ú §�e!b	c'Rfd ´.­�Õ�g0´�µ�� (

«.¬
)
N<h O ¼�½ taP O g�e
´2¯�é °T± N ¾�¿.À Ã¦0Ú §'e ¯Bé °T± ´ � ´
µL� ( ® ¬ )
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(a) E0 = 1018.0 eV
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(b) E0 = 1018.0 eV
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(c) E0 = 1018.5 eV
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(d) E0 = 1018.5 eV
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(e) E0 = 1019.0 eV

E0(recon) - E0(simu) / E0(simu) [%]
-100 -80 -60 -40 -20 0 20 40 60 80 100

N
um

be
r 

of
 E

ve
nt

s

0

5

10

15

20

25

30

(f) E0 = 1019.0 eV
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(g) E0 = 1019.5 eV
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(h) E0 = 1019.5 eV

ª
5.16:

G5I<ã Rfd ä �.¾�¿.À ´BØTÙ'_ ñ�` O ¼�½ taP O g�e�Ã�M �!e ����ä � �kÇ�N ¾�¿
À Ã�¦TÚ §�e ����ä � �ÜÇ�´ � ´�µL� (

«�¬
)
Nih O ¼l½ taP O g�eBÃ�M �LeLj'k'l&m!P N ¾

¿�À Ã�¦0Ú §'eLj�k�l&m!P ´ � ´�µ�� ( ® ¬ )
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n
6 o p q r s t u v w x v y z { | } ~

� � j�k�lfm7P	� ½ P �<ß�I �,�	���'� y�� � Â0Ú�Ã ×,� ��Â+Ö<����
 ~�� È ´�Ã�h FD
Ã

� ª 6.1
´ % Ý ����� . � � ¶�d Õ�ø�ù O �.� P�� N�� � {�| ÇS�#Ö��!K'J ~ �TÖ ` Ë � Ã'h

2007 � 11 �0· � 2009 � 10 � Ú5Ã FD
ÃB� � � e 2 �f� ´ F�P ¥�´�� · � h��)��­�äÜÇ� e�¾�¿�À�� Í?�pÿL��é�� �	È���¶�d ÕBø5ù O �	� P.Û���� �$����� e `

ª
6.1:

� � j�k�l5m�P+� ½ P �!ß�I ·�  è À Ça��Ö ¶�d ÕBø5ù O �	� P.Û���� � ´�¡+¢iª

6.1 £¥¤§¦©¨§ª¬«®­®¯±°³²®´µ
6.2 × h 2 �)�'¶'�.× å)·7� e FD ¶!¸�¹�º�» U � �<¼.Â ` ì �*½ BRM ¾LT'P O5¿ � h

ë��)¶!À�Á)½ LR ¾LT'P Of¿ ��¶!¸�¹�º+» U �'Â	Ã Ö ` 2009 �)¶ 4 ��í+Ä h LR ¾LT'P O&¿�!¶�º�» U ��¶ ô ê)Å*½ BRM ¾�T�P O:¿ � NSÆ�Ç�È üÊÉ<Ë ¶	Ì h LR ¾�T�P O:¿ �7ÂLÍ�Îº�»�½�Ï Ú�æÐh�Ñ ��¶'e�Ò,Ó�Ô�Õ*Ö�×�  3
U �!Ø)Ù�º�» �,Ú�Û�� e	e+Ò'Â�Ü ` 2009 � 10 �Ý Â�¶ 6 º�» U ��Ì h BRM Â Z 2000

U � h LR Â Z 1750
U �'Â�Ã�Ü `

6.2 Þàßâá¥ãä ù	
�� º�»�F	P)å ��æ�ç+è Ü�Ù�Ã�eêé h Ý7ë Ì!ì)d�í,î�ïfð+ñ+ò�ó �,��è�ô�õ+ö�÷f��øÒ�Ü ` µ 6.3 Ì h ð5ù,ú&ûaó)ð ¿ �7Â�ü�ý � e�ì)d�í7î'ï5ð	ñ�ò�ó*¶!þ��:� ÿ ��� ¾��:ûQþÂ�Ã�Ü ` ð�ñ+ò�ó+½�ì*d	í'Ù��	��Â Ë Ü7×�

�S×	Ì h�� 5.1 ��Â��)Ò�e�� PMT ¶�����������
Ti ��� SDP  �Â	¶ PMT ¶"!�Á$#&%�¶('*) αi ¶,+.- �0/ � �WÈ�1�2 Ù4365 è Ü�7 �½	Â�í�Ü08 µ ¶"9 µ ×( WÖ� W×�:	;��iÙ Ti � αi ¶4<�í�½�= � :*Ü08>;�? È � Ti � αi ½

Ti = Aαi +B ¶�+@- �0A$B �DC ø�� ��E�F$G�H$I Â.<�í � �)Ò�Ü�8
A =

n
∑

αiTi −
∑

αi
∑

i Ti

n
∑

α2 − (
∑

α)2
(6.1)

ì6%�í,î�ïfð+ñ+ò,ó�¶"J*K A ¶.L5Ì�= � :�Ü�8
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µ
6.2: FD ¶L¸L¹'º�» � �

� × � � 77¶�M�N6O
P!Â+Ì ä ï�Q,�	þ'��� ÿ Â�: Ë�R ¶ R ô ��Â � Ý �S8�T	¶VU�Ò � ä ï
Q���W�X*Y5Ù
;�? È º�» É � U!�[Z+¶*\$%+í�¶!î�ï&ð+ñ�ò�ó�þ'��� ÿ ¶ ��� ��]�^ �WÈ � É @:�Ü ô�õ MVN �@_�`�è 8µ

6.4 Ù�a�b�ÙWº�» É � U�î�ï5ð	ñ�ò,ó�þ���� ÿ 1501 þ���� ÿ ¶!î'ï&ð+ñ�ò�ó�þ'��� ÿ¶ ��� ��c�è�d�e ¶gf�¾ ÿih�j(k ��¼ � U�8 µ 6.4 l*ì�¶ µ Ì�ð+ñ+ò,ó¬ÿmj6n�o�¶"p É ¶(qr �W¼�è 8 30 )*s,t�Ù6uWó	oL½�Ã*Ü!¶+Ì FD ¶�v*#&%�¶.![w*')½ 30 )*Â�Ã�Ü"U�Ò�Â�Ã�Ü08
9*ì � l6\+¶ µ Ì�T �[x�� º*» É � U�î�ï&ð+ñ+ò�ó�þ�����ÿ ¶ � ��y �0� 1st � 2nd � 3rd zû"o�ð ¿ �LÙ[;�? È4{ ?�U PMT ¶"|�¶�q r Â�Ã�Ü}8�l6\+¶ µ Ù ¼ É�~ U PMT ���5Ã�UÊé¶�ð	ñ	ò�ó�þ6�7ó[��¶"p É ( '�) ) ¶�q r Â	Ã:é �V� ~ U PMT ½	Ã+Ü�J�KfÙ ä í	��:*Ü�LfÂÃ�Ü}8 ä ï,Q*��W�XVY&¶�t���Ù�î�ïfð�ñ+ò,ó+½(������U�J*K5Ì ��� ��j�Â��&� É�~ Ü}�[��¶�6� ½"���@:�Ü"U	Ò$7�¶4LfÌ F É ��:�Ü�8>7�¶4���*×��m��Å$�&�Sî�ïfð�ñ	ò�ó6�@� è U	Ò�Ù �î�ïfð	ñ�ò�ó��@� è�ö	÷ �0� ø �}U�8
� ø �}U�MVNfÌ���\	¶ ��� éSÂ+Ã*Ü}8
• � PMT ¶�������� �"� Ti � SDP  '¶.!�Á,#&%�¶�'*) αi ×�� ��Ò�U(¡ (6.1) ¶.Lf½
=�Â+Ã�Ü}8

• �&� É�~ U ÿmj
n�oL¶�p É ½ � 7.0 )�;&é ä í Ë 8
• �&� É�~ U"�[��¶�p É ½ � 1.5 us ;&é ä í Ë 8
• z�û4o'ð ¿"¢ �.£	?VU PMT ¶4��|)½ 7 �¤;féD¥ Ë 8
• PMT ���5Ã�UÊéiÙ��g� É�~ U ÿDj
n�oL¶�p É ½ 2.0 )�;fé F ÉWË 8

�Q×�� � 77¶"M�N*Â�Ì CLF ¶�¦*�§�}UXûSó*¨�ó���¶�þ�© ¢ ÿ ` Xe ª*j�n�ð'ñ�ó�Ù$;'ÜWþ�©¢ ÿ ½V«�¬ É�~ ë Ù { Ü08¤O�½ � CLF Ì�­ � 0 q*s�t � 30 qVs,t�Ù4®*¯ É�~ È Ë Ü�7 �0�
70



µ
6.3: ð&ùWú*ûSó*ð ¿@¢�° ª�ÿ ±4²�³�Â!ü�ý§��ULì[%	í,þ�© ¢ ÿ ( l ) � º�» �4� Ti � SDP

 �¶ PMT ¶4!�Á�#�%�¶�'V) αi ¶�+�- ( 9 ) 8
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µ
6.4: º�» É�~ U�£�Z�¶�\[%�í,î�ïfð+ñ+ò,ó'þ�© ¢ ÿ ¶ ÿDj6n�oL¶�p É ( l�ì ) � ��´ y ( 9ì ) � PMT zÊû4o'ð ¿"¢ Ù4£�?�U PMT ¶4�*| ( l	\ ) � PMT ���5Ã�UÊéa¶ ÿDj
n�oL¶�p É

( 9	\ )
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µ
6.5: BRM µ�þ©ÿ Â"�g� É�~ ì
%	í�3 ø É�~ U CLF þ�© ¢ ÿ

Xe ª,j
n7ð	ñ�ó'þV© ¢ ÿ Ì PMT ¶�·�Ù"�&�"¸(� è ÜL¶�Â�zÊû�o�ð ¿"¢ Ù�£:Ü PMT ¶"�
|�½�¥ Ë � Ë �º¹�»�½+Ã�Ü�¶'Â � ��\	¶ ô'õ M�N)Â�7 ~ �<¶!þV© ¢ ÿm��«�¬ è Ü�8

• z�û4o'ð ¿"¢ Ù"£XÜ PMT ¶"�*|�½ 300 ��;&éº¼�: Ë 8
• ÿ@½¿¾'ó�¶4¦�ü>��U ��� ¶�q�¶ � 7�ÀL½ 0 ± 1 q � 30 ± 1 q���Á)Â+Ã�Ü}8

�	ì�¶ ô�õ MVN��4Â[U è þ*© ¢ ÿ ½ BRM ¾�Ã�ó)ð ¿"¢ � LR ¾�Ã�ó*ð ¿4¢ ¶�º�» � ófå�ÄÙ*: Ë ×��*ÅÆ�}U"8
6.3 ÇÉÈÉÊÌË
Ø���¶ ô'õ M�Ng�}Í	U è þ�© ¢ ÿ Ì � BRM Â 294 þ�© ¢ ÿ � LR Â 550 þ�© ¢ ÿÏÎ B ×*?
U�8 BRM Ù Æ�Ç LR ¶Lþ�© ¢ ÿÐ|�½�¥ Ë(ÑgÒ Ì � BRM ¾�Ã�ó*ð ¿.¢ Â��&� É�~ U LIDARÙ6;�Ü�ûió,¨�óV�)½ � LR ¾�Ã	ó�ð ¿"¢ Â�ÌLì	%+í�î�ï&ð+ñ+ò�ó�þV© ¢ ÿ � 3 ø É�~ È � Ý
� U+Ò�Â�Ü}8 B�Ó Ù � 7 ~ �0Ô!þ�© ¢ ÿ ½�ì
%	í�î�ï&ð+ñ+ò�ó+Â�Ã�Ü!×6�,þ*© ¢ ÿ ��� ¾��ûaþ>� È � è	Ç�È�Õ !fÂ4Ö�×Ø�}U�8�Ù 6.5 ×��0Ù 6.9 Ì ô�õ M�NÚ��Í�U��}U�ÛVÜ6Ý$:!þ�© ¢ÿÞÔ!þ�© ¢ ÿ �&�(ß �:ûaþ�Â�Ã�Ü}8	��à*Ì PMT Ô4!�Á�#�%,� c � � �"� Ì"á*Â c É�~ � �â ��|fÌ$ã(Ô ä í É�ä c É�~ È Ë Ü08
Ù 6.5 Ì BRM

ß Ã'ó�ð&å ¢ ä.æ�ç�è¿~ U CLF þ�© ¢ ÿ ä,é Ü�8 TA µ�þ¬ÿêÔ$Ä0ë�×Ú�>ì
%	í@�&���0ìí�îU+Ò � ì6%�í.3 ø �.£XÜ�8¤ï � �Ú
@Ô!þ�© ¢ ÿºð �"�[ñVò ×¤��«��(7 ��ó*ôõ ä�é Ü ó���ö,÷ ®*ø[Ô"J�K	ð4£,Z$Ô �"� � ð�ù6:�Ü ��� ×��D��� è Ü4U�ú�Ù { ?(û�� Ý �ü8
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Ù 6.6: BRM µ�þ©ÿ ä �g� è�~ ì
%	í�3 ø è�~ U LIDAR þ�© ¢ ÿ

Ù 6.7: LR µ'þ©ÿ ä �&� è�~ ì
%�í.3 ø è�~ U CLF þ�© ¢ ÿ
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Ù 6.8: LR µ'þ©ÿ ä �&� è�~ ì
%�í.3 ø è�~ U LIDAR þ�© ¢ ÿ
Ù 6.6 ð BRM

ß Ã	ó)ð�å ¢ ä4æ
ç>è�~ U LIDAR þ*© ¢ ÿ ä[é Ü�8 LIDAR
R

CLF ýþ�ÿ ûaó,¨'ó��@�g���0û�����U$úLì6%+í43 ø ��£���8 LIDAR ð BRM
ß Ã�ó)ðÚå ¢�� ���ë � 100 m Ô
	�� ä �g�g��û
����U�ú BRM

ä ð�������� ó æ$ç¤è�~ ��8
Ù 6.7 ð LR

ß Ã'ó�ðgå ¢ ä�æ�ç�è¿~ U CLF þ�© ¢ ÿ ä,é �}8 CLF þ�© ¢ ÿ ð BRM ýþ�ÿ ô'õ	ö	÷ �*og½}³Ú��û������Ï8�Ù 6.8 ð LR
ß Ã�ó*ðÚå ¢�� �¿Î$U LIDAR ÔXûQó�¨�óä$é é�� �
ó�� ~ û�����U�ú ÿ F è :��6� ÿ :�� ó ì	%�í.3 ø �.£���8

�VU,Ù 6.9
ÿ ð LIDAR � CLF þV© ¢ ÿÏ��Á�Ô!þV© ¢ ÿm�
���6U"8 A�� ®�� ô õ :���ó�� "! ûaó,¨'ó�þ�© ¢ ÿ ` ��# � ` é � �$��þV© ¢ ÿ ` 300 �$��\�Ô Xe þ�© ¢ ÿ ä�é é � ì

%	í,î'ï&ð	ñ�ò�ó�þ�© ¢ ÿ ä ð*: � ?VU"8ô'õ M�N��0Í	U��}U�¶+þ�© ¢ ÿ ÿ B ��û"Ö�×��@ìg?�U � 7VÀ �&%�'
(�) !+* ó&,�ú�ó¬ÿ�½-
.0/ Ô�ì
%	í'ð	ñ�ò�ó�þ�© ¢ ÿ21&3�ð�Î B � ��: � ?VU"8
6.4 46587:9<;>=@?BADCFEFGIH@CKJL?:C
� æ	ç ä ð %�'�(�) !�* ó�,�ú�ó¬ÿ.½ - þV© ¢ ÿ ó æ
ç¤è}~ : � ?�U�U�ú � ª,j
n�o ß Ôì�M.LÚ�4�6ú��}8Æ7�Ô.� ä ð � T�ÔVU$ú ÿ�N&O :4�&��PgÔ %�'
(Q) !$* ó&,)ú7ó©ÿ@½ - þ*©¢ ÿ ÿ�R è �"³�S+óUT*ñ,ó ( V��V����W"X Y>!�w ( Z(·*' )) �.�
ú(U48Q[�\�ð � Aramo � ó

Auger a ÷ Ô�U,ú ÿ^]
_ ��U�³^S	óQT	ñ�ó [21] � ö ÿ Auger � TA-FD ����P�Ô�V����&��W
X&Ôa`�í è@ä ß�b ó ! è ��7 � ÿ ;�?�û�t�c6Ý ÿ TA ÔLì
%	í0,�ú7ó¬ÿ�½ - ÿ�R è ��³�S�ó
T)ñ7ó��.�6ú�U"8 Aramo �0Ô ]�_ Ô O à	�ed ]�fUg � R � ÿ �[\ ÿ�hQi è �08
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Ù 6.9: ,+ú,ó ÿ0½ - þ�© ¢ ÿÐ��Å
ÔVU$ú�Ô ô�õ M�NÚ�
S ß �}Uj`�ïUk�,&�7óVø�ûaó,¨'ó���Áÿ ;���þV© ¢ ÿ 8��Lól�  "! ûaó,¨'ó�þ�© ¢ ÿ ( l�ì ) � Xe ª�j
n,ð�ñ7ó ÿ ;���þV© ¢ ÿ ( 9ì )
`Qm�n � - þ�o�þ�© ¢ ÿ ( l	\ � 96\ )
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� ë � �6±e,*ú7ó©ÿ@½ - �qp �6±�,*ú�ó¬ÿ.½ - Ôar�#6Ý�:[ª,j6n�o ß � C ø�s �08�t�u c
W � �m��� s ��v â û�� ÿ ¢ Ô�w�q�ª�j	n�o ß ð � Eτ Ô�+4| � ��û

dΦτ (Eτ , θ, φ)

dEτdΩ
=

∫

dEν
dΦν (Eν , θ, φ)

dEτdΩ
K (Eν , θ, Eτ ) , (6.2)

� :���8 K (Eν , θ;Eτ ) ð �"(
) !+* ó ó Eν �ex �.'�) ó θ Ô
,+ú,ó¬ÿ0½ - � � � Eτ Ô (�)!�* ó	� R ?VU:û0� ÿ ¢ �7ü�ý s �}Ö�y&� cUs z Ù 6.1 { 8+�VU � ¡ (6.2) Ô�,*ú7ó©ÿ@½ - ð
%�'
(�) !+* ó	� A$B U$ú ντ +N → τ +X Ô^|Q} ä ü�ý è�~ �)û�� ÿ ¢ Ô�#�% ��� ,�ú7óÿ�½ - ó ��~�#�% ó ý�� ä�é � � tjc ä�� ��8 è � ÿ �j%�'�(�) !+*"� ,�ú � ÿ�½ - ÿ ;Q�� % �������&�&� ��� © ¢�� ð���\$Ô�M*N��@ÍØ�0U � � Ô�Â��
� è�~ ��8
(a) Eν Ô (�) !+*a� � R B ντ ó t�u6 "�&�e� � z ��~(8
(b) ντ ó � � z � � z + dz � ä ��~ ´ ÿ τ �$�g���
� s � p�� � . 7 s 8
(c) �j� è�~ U τ ��� ó��0����� ÿ t�ul��� � ��` � Ä ÿ x � s ��8

(a) Eν Ô (�) !+*a� � R B ντ ó t�u����g��£�?�û é ��� � z Ô"� � ��� � { �}Ö�y6ð �
Pa = exp

{

−
∫ z

0

dz′

λν
cc (Eν , θ, z′)

}

, (6.3)

ä$é�� � 7�7 ä Ô
λν

cc =
1

σνN
cc (Eν) %[r (θ, z)]NA

(6.4)

ðat�Ä ä Ô�v âj�&��� ø*p ä�é�� � % ð"t�ugÄ�� � ��� � r
ÿ � PU�¡ &¢ ä�é ��£U� � r ð

r2 (θ, z) = R2
⊕ +z2−2R⊕z cos θ ¤ �¦¥ úU��§&¨ ó ä&� � R⊕ ð^tju$Ô"©aª&«�¬ ä R⊕ ' 6370

km
ä,é �¡£�` � Ô^v âj�U�
� ø*p	ð�t�u����6Ôe­ ÿ�®Q¯ û 3 °²±´³ è �Qµ,ú � Pa Ô�Ö&y ÿ

ðat�u��"�Q¶
·�¸ s � � ÿ £
| s ��` � �e¹Qº§�e»0�j£
(b) � � z � � z + dz Ô ´ ä ,�¼ � � ½ - ó τ

ÿ�½
¾ è�~ �}Ö�y6ð �
Pb =

dz

λν
cc (Eν , θ; z)

(6.5)

ä$é �´£
FD
ä"æ[ç6ä�� � τ ��� ó t�¿ � � x � s � ÿ ð � t&Ä,��À&Á s �e� � ÿ�Â M ó �U� ��£

10 EeV � � Ô (�) !�*0� ÿ »���¨ λν
cc Ã 500km

ä[é ��Ô ä � ï$¨
Ä�ÅÇÆ�© ÿ"È � ντ � �
FD
ä ��� s ��§�¨*� � ä&� »a�"£&É�Ô
µ,ú � v â0�&�
� ø
ð*ï # t
u
¿UW ä . §
�"Ô ä � t

u6Ô0©jª
 &¢�ð % = 2.65g/cm2 ¨¡Ê0ËD¨ s ��£
(c) (
) !�*�� ��Ì�Íjµ�v â²Î´Ï �m¢ ó t	Äl¨¿£�Í0µ$¨ � ÿ � ��Ð �}Ö&y Pc ð � �&Ñ�Ô²Ò¦Ó
Ô^w&Ô�Õ�}�¡ ä"Ö�×6ä�� �´£

dPc

dz
= − mτ

cττEτ
Pc, (6.6)
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dEν

dz
= − (βτ + γτEτ )Eτ%s. (6.7)

§a§ ä ð � τ Ô
Ø
Ù mτ = 1.8×109 eV � ©^ªjÚ�Û τ ' 3.4×10−13 s
ä�é ��£´�aµ � τ ��� Ô
Ü

Ø�Ý ä Ô (0) !�*���Þ Ì$ÔeS�ß�à
� ��á β ' 0.71×10−6eV � γτ ' 0.35×10−18cm2g−1GeV−1

¨ s � [21] £a�jµ � �a� è�â µ τ Ô (j) !l*^� Eτ ð Eν Ô�ã
Ë ä^Ö
×�è�â � E0
τ = E0

τ (Eν) =

(1− < y >)Eν) ¨�»��¡£ < ycc > ð^v â0�U�
� ø[Ôa©0ª�äUåaæUS$ßjà�� � ä,é�� Eν = 1019.0çUÈ ä ð < ycc >∼ 0.2
ä$é ��£è

(6.6) ¨ è (6.7)
á t�u�¿�W�é(à ÿ Ó&�,û hDê §�¨ ó ä�� û �

Pc = (F (Eν , Eτ ))ω × exp

{

− mτ

cττβτ%s

(

1

Eτ
− 1

E0
τ (Eν)

)}

(6.8)

Eτ =
βτE

0
τ (Eν) exp {−%sβτ (2R⊕cos θ − z)}

βτ + γτE0
τ (Eν) (1 − exp {−%sβτ (2R⊕cosθ − z)}) (6.9)

§Q§ ä �
F (Eν , Eτ ) ≡

E0
τ (Eν) (βτ + γτEτ )

Eτ (βτ + γτE0
τ (Eν))

(6.10)

¨Uë´µ�£ τ é (�) !�*"� ó�� è (6.9) ¨Çì�íîë�û
��»�ï âlð »$ñ
»j�&µ$ú"ò ! �
ã�Ë á
óIô £
Pd = δ

(

Eν − βτE
0
τ (Eν) exp {−%sβτ (2R⊕cos θ − z)}

βτ + γτE0
τ (Eν) (1 − exp {−%sβτ (2R⊕cosθ − z)})

)

(6.11)

§ â ��õ�é*ù�»+�eö+y+é è (6.3) � è (6.5) � è (6.8) ¨ è (6.11)
á � ï é �j����§+¨^õ

K (Eν , θ, Eτ ) ó ±�¨
����£
K (Eν , θ, Eτ ) =

∫ 2R⊕cos θ

0
PaPbPcPddz (6.12)

§"é è á z
ÿ ÓU��û^X�Ô s ��¨ �

K (Eν , θ, Eτ ) =
σνN

cc (EνNA)

Eτ (βτ + γτEτ )
(F (Eν , Eτ ))ξ

×exp

{

− mτ

cττβτ%s

(

1

Eτ
− 1

E0
τ (Eν)

)

−2R⊕cosθσνN
cc (Eν) %sNA

}

, (6.13)

¨e» � � §Q§^õ�ð
ξ =

(

ω +
σνN

cc (Eν)NA

βτ

)

(6.14)

¨Uë´µ�£è
(6.13) � ñ � TA õQé τ

ÿ ¤�� ��÷ ���&�&� � é�ø+ùay ó ±�¨e����£ FD õUé^ú�ûlü&»
ø�ù�y�ý

dNτ

dt
= 2πSD

∫ Emax
ν

Emin
ν

dEν

∫ E0
τ (Eν)

Eth
τ

dEτ

∫ 1

cosθmin

dΦν (Eν)

dEνdΩ

×K (Eν , θ, Eτ )

(

1 − exp

{

− Hmτ

cττEτ

})

×ε cos θ d (cos θ) (6.15)
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¨e»��´£ è (6.15)
ÿ�þ � S = 700 km2 ý�ø�ù�P ÿ ¤ �¦ÿ � â û��+��W0X+õ þ ��£ D ∼ 10%

ý 1 ���
é�` �������
	���
�� »���� á�� s £��jµ � Eth
τ ' 1018 eV ý ��� |
}�é��
­ (
)��� � � Emin

ν ý�ø�ù��^­���� � � � é τ
á �
�Dë ô���� ¼ � �� "! é$#Q³%��� � � � � Emax

νý � ¼ � �� &!�' ß�(�)�*Qé$#U`+��� � � � õ þ � £ è (6.15) é&,%-/.�ý � t�u�¿
01.&2 â3�4 ñ65�7 H ��~
�+. �
�%8 � ö:9 á ¹�º 8 � £ �
�+8 �<;�= ý�>+?�»�@BA�C
D �FE �BG ¼ÎIH �KJ A�õQé�L�M �$N%O:PQ� � §�§�õUý�R�S/. τ
� 5Q7 H éQ��õ ���
8 � �+� á ¥1T � £

H ý È�U ü
. TA VQW á<X�Y1Z é
«^¬lõ�é � H = 15 km ¨Që¡µ^£1�
µ � ε ý FD é^ø�ù�[+9á ¿ 8 £ è (6.15) é cosθ ."Ó%\ 3 é"]�Ô�ý"^�R:.
õ�_ 3
dNτ

dt
= D

∫ Emax
ν

Emin
ν

dΦν (Eν)

dEνdΩ
A (Eν) , (6.16)

¨e» � £ §"é è é�ÝaõQ`�a+b�é+c�d H%e�f$H á&g Ñ&é�¤ ô .aÊ�h�õ:_ � £
A (Eν) =

πS

2R2
⊕NA%s

s

∫ E0
τ (Eν)

Eth
τ

dEτ
(F (Eν , Eτ ))

ω

Eτ (βτ + γτEτ )

×exp

{

− mτ

cττβτ%s

(

1

Eτ
− 1

E0
τ (Eν)

)}

×
(

1 − exp

{

− Hmτ

cττEτ

})

ε

× 1

σνN
cc

[(

1 +
σνN

cc

βτ
log (F (Eν , Eτ ))

)

−
(

1 − 2R⊕σ
νN
cc %sNA

)

exp
{

−2R⊕σ
νN
cc %sNA

}

× (F (Eν , Eτ ))
σνN
cc NA/βτ

]

(6.17)

c$d H�e�f$H ¨I�Q� � � H éUã"i á�j 6.10 . � 8 £�¿ 6.1 .�\ ê Ó 4 é$k1l��+� � � H� ¼ Hnm  �!�o+p @�ò � .�¤ � 1 �K�&õ�q�rts â ��� ¼ Hnm  �!�u%v A m Ë á&� 8�w TD

(Topological Defect) ý&x+y�z�q�é�{%|Q}:~ [41] ` NH (New Hadron) ý��%���
��é"��� 4 ñk�l���� � � H � ¼ H�m  &! á o�p 8 �<�Q� @�ò � [42] õ þ � w GZK-H ý EGRET [29] õ�
	 s â µ"���%�Q�Q����A"��� ' ß:(&)�* � `QV 3 d u+� A -
� � o�p .�� � ±�é�õ þ ��� 8� @�ò � ` GZK-L ý0ÉQé ô�� é 20 % õ þ �:��� Ê²ë¡µ ; �lé ' ß
(")$*�õ þ � w GZK-WB

ý�x%y��
���+� � k�l��+� � � H x%y�� � é�|��Q�%��.1�aÍ 3 k1l��+� � � H �1� H�m  �!á o�p 8 � @Qò � õ þ � [43] w
dNτ/dt at FD GZK-WB GZK-L GZK-H TD NH

# of UP events/year 0.003 0.005 0.012 0.014 0.033 
6.1: ¡�¢ ����� H�m  &!�o�p @�ò � é�` 1 ���
.eø+ù � q+r£s â ��¤ ÷ _�¥ f%¦�H é u�vA m Ë
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 [eV]νE
1910 2010 2110

 s
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2
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m

610

710

810

j
6.10:

¤ ÷ _Q¥ f�¦�H .&§ 8 � c$d H%e1f�H A (Eν)

6.5 ¨ª©¬«' ß1($)�*Qé ¤:­"®�á"¯ T ��° T .Qý�`�±�²�õ ¯ T ° c$d H
e�f$H . ��	�³ � á 4 ï ° �)�*%´ H�µ%f$H ��N
O õ þ � w j 6.2 é�¶ ��	:³ � 4 ñ 1 �+é0ò·(¹¸»º u�¼ á"½ ë¿¾ ê � `��	:³ �&ý ∼ 1500
³ � � ¢ � wÁÀ é ®�á�j 6.10 é+c�d H
e1f�H . 4 ï ��� `��Â)�*
´ Hµ
f�H � ¯ � � (

j
6.11) w j 6.12 ýÃ`�Ä
ÅQÆ 90 % é&Ç
È ' ß�(�)�*Ué ¤:­"® . E2

á 4
ï °&® (= 2.3/Exposure ·Eν) õ þ � w�É�Ê é ° T . GLUE [30] ` FORTE [31] ` Auger [32]

é ��	�ËQÌ á�Í�Î1° w � ° ¡1¢ ���+� @Qò � 4 ñÐÏ 	 s â � k:lQ��� � � H �:� H�m  "!Q'
ß1($)�*
.�Ñ
\ 3/Ò � ë ° [41] [44] [45] [46] w

Auger é ËQÌ ý �:	�³ � �$Ó ê `Ôs&ñ�.�ý$Õ   ø�ù¿ÖÂcØ× u á ��\ °�¤:­&® õ þ �$° T&ÙÚ�Û õ ¯ T °�¤�­"®t� é ½ ��Ü _$\ w ë 4 ëI` Auger ý�Ý
Þ�ß�õ þ ��° T���	�
�� ¢�à ÷ �
TA
� ý$¡1¢ � w1á Þ�ß�é�x
y�� �:	+âQã 4 ñ ¤�­�®�á�¯ T � À � � õ:_ ° w
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6.11: 2007 � 11 ä 4 ñ 2009 � 10 ä/�Uõ�é ¤ ÷ _$å%æB¥ f
¦�H .�§ 8 � �K)�*:´ Hµ
f�H

j
6.12: 1 ' × H�ç
H é"k�l���� � � H �%� Hèm  �!¿u�v A m é ¤
­�® w ��� 4 ñ»Ï 	 s â ���� H�m  "!�' ß:(�)�* á \ ê Ñ 4 � ë ° w TD: {�|Q}1~ [41], Z burst: Z

ç�H * m @�ò �
[44], GZK: x%y��%���Q� � k:l���� � � H x%y�� � é�|
���+� [45], AGN: éQê��%��ë [46] wì é â�ãQË�Ì .:� �"¤�­&® Ò � ë ° w AugerSD’09 [32], GLUE [30],FORTE [31]
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í
7 î ï ð

x+y��
ñ�ò�ó â�ã .:� � FD ô
õQö H ºQ÷�¥ G � × Hèm 8 �%ø ' mÐù"ú c+û�ü�ýK.¿þ�ÿ�� `� .�ñ�òQó/û�?�������`
	�����
�û���������` e�ú ×$A�� '�� ��� û���� � û â aB÷����! ° w#" ³ .¿ô:õ+ö H º 4%$'&�( x�y��Bû*)�+K÷�,/_ P 8�- � p ø�. mIù�ú c%ûQü�ýB. Ò�/10
 <` e1ú ×�A�� . �12 � û����/÷435 �687�9: �¢1; $=< à�>�ý
?B÷ - � p 8%@ ° T ûBA+@ØAC
D*C EED .�� @GF�H øB. mÐù�ú c�÷JI p s Î1° ws $ .�` À û
¥ G � × H ¥ J A øB. mÐù�ú c:÷LKNM 3 o�p  °�O U u�v A m ö H º
÷ F�H8P@+À � .:�BM 3 I p  ° - � p ø�. mIù�ú cQû�Q�R1SQÆK÷JT�UV ° w� û Ë�Ì 1019.5 eV û$å�æÂ¥ f�¦�H ÷�W�C·× � - � p 8P@ � `

• X�Y�à�>�Q�R�SQÆ : 1.3◦

• ��c�{�b1Q�R�SQÆ : 156 m

• Z Ü ý
?B[Ás8Q�R\SQÆ : 11.8 ± 18.0 g/cm2

• ]1^\C#_ H Q�R�S+Æ : 1.5 ± 5.5 %

û*SQÆ�` ¯ T @+À � ;�`:_�` 1019.0 eV û$å�æÂ¥ f�¦�H ÷"@#a - � p 8N@ �
• X�Y�à�>�Q�R�SQÆ : 3.4◦

• ��c�{�b1Q�R�SQÆ : 507 m

• Z Ü ý
?B[Ás8Q�R\SQÆ : 18.8 ± 48.5 g/cm2

• ]1^\C#_ H Q�R�S+Æ : 0.1 ± 8.7 %

û*SQÆ�` ¯
b @+À � ;�È�c�M ° w
2007 d 11 ä
c $ 2009 d/û 10 ä b `%û FD ô�õ%ö H ºBc $ `+k�l\]�^\C�_ H�e � H�mf a4c $ o�p shg @ ¤ >
_�¥ f
¦"H ÷�i�jk ° w Ù Ú:Û û ËQÌ � û��#l�¢ uQv A mnm4o�p s
g�¢\c�M °Q° T ` á Þ�ß1û�x%y���ô:õ â�ãrq�s�t 6 k�l�]1^�C�_Bu e � u m f a .�vxw*y Wû 90 % CL û ¤:­"® ÷�]1^1C�_*u 1018.5 eV ` 8.0 × 10−5 GeV cm−2s−1sr−1

��¯ T ° w
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z {

Ù Ú�Û q�|~}�q�����} ����6�û*�������L��, � °��
��b  °*����� &B����� q [:6=���k b*�*�x�4� ¢������
�����Â÷ � °�����b  °B����� ��� �����
��� Ü�� û*�~ *¡~¢\£\¤ ���q ����¥: b*�*�¦ �%û Ú:Û m�§�¨B© ñ�ò�ó â�ãrª  «` m4¬ �'­~® b4¯x° `� �± � � v�²N³ ux´4u�û�µ ª�¶° q [:6·���¸ b4���P� û�¹B`xº � q §�¨B© ñ�ò+ó�»�¼ q þBÿ @h½
¾ ÷�¿�À }�� ± � � ±*Á
 �3~Â �1� ��Ã�Ä�Å�Æ ���1� q [¸6Ç����¥È b4�B�
F�H~É u
Ê!Ë� } ����, � ± � � �1b  «±*Ì�Í~�\��Î � û1Ï1R1Ð s � � ��Ñ�Ò�Ä�Î � û*ÓÔ~Õ\Ö �1× ��Ø q [¸6·�
�k b��*� ø�.VÙ ù�ú�Ú ÷�ü"ý � @ q�Û ±5�ÇÜ: Gµ ª��1Ý�Þ Ë·���÷ � ± � � ±*Ì�Í��\��Î � û\�1ß%àhá &�â�ã q [¸6·�
��¥¸ b4�B� Ì�Í�Î � §�¨�©1ä�å\æ ûç à«Î\è ã q m ø�.VÙ ù�ú�Ú ü&ý q*��é @ ���
� ¶ $ q�ê ´�ë�ì�`%û�í1î�`�º ��ï1ð#q1ª �b  �± �%ñ«ò Î � û\ó�àGô�õ ã q m ê ´�ë�ì
`�ö�÷rø q ÿ�±È�úùNÀ }�� ± ��� �~�%6�û����÷ � ± �
��b  �± � Ì�Í~����Î � û �\û�ü â�ã ��Ì�Í��\��Î �rý«þxÿ#¶ g
±*Á�à���� ã q º
��6��~�L��� 2 ��� ý4� ± ����b  �± � F�H�É u
Ê#Ë� }�Ý\Þ  }\� ± � � ±4Ì�Í��1��Î �
���	��
�� ã ��� ����
 ã �\Ì�Í�Î � §�¨B©�ä
å\æ ������� � ã � ê ´�ë�ì��Bí\î�`���� qª�� ± ñLò Î � ����Î�� ã q �
����� ��� ¾�� � �	!�"�#�$&%�� ��' æ q)(�* º��+��� ¶ ¯}1� ± �
��,.-	/ Û1032 Ë54J�76 � � �B�ê ´�ë�ì7#)879�:�; Ù ��<>= ý �7?A@CB�D / � À }FEHG ±�Ì�Íx����Î � �&I J7K�í L�M��� �&NPO\Î � ��Ä�Q�R7S ã �~ÏUT3V	W>X�Y Ù � }\� ± � � ±*Ì�Í
Î � §�¨\©�ä
å�æ ��Z�à ¬
Å�� � /+[ E ������� ���
8>9�\�]5� ^>_�`	ab_)c�< = /�d ��}&e � E � À }�� ± � � ±�Î>f�g�­\Î � ���#à�h�¢ ã �

Ì�Í�Î � §�¨�©1ä
å1æ ��i#¹kj�õ�L�M�� � /l[ E ���m��� �B� ê ´�ë�ì7# �nTHo # �1ï	p /ª�� ±*Ì�Í�Î � §�¨B©1ä�å\æ �)q7r�sPt�L�M�� � ��u!à�v�w�L�M�� � �	879x:>; Ù # �\ï�p/ ª � ±&y	z�{�¤���|�}�~x��y7��������� y�� / ����¥U��� �*� ¾	� # � �����A��� ����±� ��± §�¨B©�ä
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å í\î ý ù#À ¢.E3G ±�¼	½ � � ¾x/�[ E��7� �k�&�&�
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