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1
� � �

1.1 � � �
�	�����	� �	����
��
�����0� .P��/�1,2w3�"��	��� ���-:`�
6������	�����\�
����� 1912 Cw����" W��5r Z�6 �4p�!#" V.F.Hess 6,�%$ �>���'&�.`�)(�6 )�* �+-, � ]�^0���.�	&�/%021
3�� [1] �5476-#
8:9<;E]�^@�>=@?.���������	&5�	���BA
107eV CED 1020eV 6�FHG'(4/�1,203�"��I�BJ��K�LA�B-C-�8�M� �	� �
6�>4?�NH� O
)`>�?-#5P
(>Q,� # o�?�R);�SL(MT%UV1W3�&-�	� � ��� ��6
X�Y'Z-0�� 1cm21sr1sec[ �]\ 0.1 ^ 1 _+6.`Ba�(�b��M�%cd9eA'f�g%F��	����������/�1 2O3`" 1020eV �h�i �\�����)(Bbj\ #��,6E�����
6��B��� -�.0/	1�2w3�"E����� (Extremely High

Energy Cosmic Ray : 4Bk EHECR) �	l-mn�
�
���2�,�
���2
#C�D jB$O�%op\rqts8#�jB$�u�6,d��v�LwBx �7�+�.� F�C F #
j-$s�My{z}|
�E���`���M/-~�9HC]D j-$)�`�����V
�� �#� FW&@z��M�4�����V
-��)� �5� (,6%�'���L�B�-3w� 2.7K ���%�-�K��: (Cosmic Microwave Background

Radiation : 4)k CMBR) �WlB�'37�H� 6'An�-� F #`���`����� 6 CMBR �e�K�� �A� 8���F�/�1�2�3`".�-�G� 8]� �M�2�D�)#�dt��;�/�1�2s3`"�� �j� �5)	?+6� a��)#`���`��
�6�* � �0�#�M&
�
('��&@�K&0(���: � 8���F
&�/�1�2�3`"M���
� 8]� �M�
-�.0/	1�273�"E������� CMBR ��w#x ��F #�j#$���yvz	�.(���/	1�273�"nA7�

�K3K&AF.��?��V�,65w#x����K��/	1�273�"nA # ∆1232 ����� π �n
5?#~KUw6n�7  �¡�i &B¢'3H�
p + γ ⇒ p + π0

p + γ ⇒ n + π+

�
¢]?��-� �B£ An¤:��\¦¥�§)¨7©Vª#«M�B�E¬
¤:� �.�V��­.¥K®-¯�¥�°7®-¯2± pair
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production �W¢ ?r�#� ��£ ¥
p + γ ⇒ p + e+ + e−

��¤����e¥��.±MwKx��2� §B¨�©�ª�«5�-� ¬	¤��	��

��
��	� ­�������§B¨.©�ª%«�������� ©�¬�� 1.1 �! ���


� 1.1: ���"��±"�����#�¦©�±���
�$&%(')���"��±'§�¨.©�ª'« (Log ��*�«.© ) �)+
�5­���±5¥-,�%/.��(����±�0-1327�)� (Log �-*)«�© ) �4+��5­��.±���5�6�


1015eV 7�89�-. knee �	:B� � 64�-���;� ©�±�< �(= '?>@'(5�> ¥ 1019eV 7�8A�
. ankle �B:-� � 6B< ��= '�>C'�D&E���6!
	F�G&H � �(I�6KJ#®�L�¯�±M1n«"N�OQPR .M¥

rL =
mv

ZeB
(1.1)

�S+�T/6�
 m .)LK¯V±)U-V-¥ v .�H � �XW/YMZ)[/\-±�LK¯2±�]�^-¥ Z .)LK¯2±X_
¯-`�a-¥ e .Xb�®�J-¥ B .�F�G�H�c�±4d � ��5�6!
����"��±'§�¨�©�ª'«�' Eknee ef �(5�6g�"h�.M¥-FMGji	k�±�l � Ij>Xm"1%«&N�O	P R ±�[('4nMo-p � ¢B­�q��(�
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�/.�F�Gji!k�±��&�������jq	� � 6�
�
��L¥���±
�������"��Z�����������±����
����� � 6����Q�(I3> Eknee 5#­A>�±n§-¨.©�ª'«! "� �M�"��'�F&G/iKk$#�%'&)( �
.��!q(6X
 Eknee 7&8 �M�&��*�� ©�±X< �(= '?>S'(5�6�±-..¥ Eknee e�+ ±�§)¨�©ª'«4'�F�G iKk,#g�-& � ��6����	�(Ig> ���"��±-.('!/�0�� 6'­&qj�21,3	� � 6!


Eankle e�+ ±��(����±Xc��/.�¥-F�GMH-cj�3I�6 =54 P R '�F�G�6V±�7�h � ¬98
3�.:�	q�6n­&qXF�G�H�c)�,�)�B±������3q-.�;'<>=���Z�6	
�I@?9A7¥ Eankle ¬B8C3
67§B¨n©�ª%«�¬EDF?n­��(�&�(��5(6 EHECR .M¥,GIHI±�F�G��KJL� � A�¢(6#±"�
.&ZM��#�±�F�G��!JN� �>O �P "�QGRHL±�F�G�%K& � �CS&�gh-A-¢�63�B1,3	� � 6!
T�U §�¨.©�ª'«
V$W(�B±!���"��±
X$Y�Z�'@G[HL±XF�G�6�#C� � � 63� CMBR �
±\,] J £ �3I"67§)¨7©Vª%«5^�_(''7�h�����¢$AN�Q6X
 � �  `��a,b9�'c?>edIf�gh ���&��±�i5j�§B¨7©�ª'«"'4D-E(�36�
 � � ¬ GZK kj29�ml 0g�K:,n4
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� 1.2: GZK kj2A�ol30%±&� [2] 
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�'§B¨7©�ª%«K± 3 pE¬� >�K­3m.± (Log ��*B«�© ) ��5�6�


5



1.2
� � � � � �

���"� .!�����	�' "�Qa�bg�!c�>�dRf��)h���¥5a�b + ±-7�
�±�_�¯
� ( �/���-b��� b ) �����j¬��EA4_�¯��E¬��
��� 6�
$7�h)Z�§�¨�©Vª%«)¬EDF?'­!����� ( g h

�(��� ) ''7�
�±)_#¯��j���
� �g6 ���
�MLK¯ ( � h �(��� ) ''Y� �X� 6X
��.±
����LK¯�' � �	�
7�
�±X_-¯��;���
�j¬W¤��M�L¥:k-�-*)«"!$# ��L-¯,Y� ('&%��� 6�
��M±�'�(�±3�(�.¬)��
+*�,.-.«j�K:�n4


� 1.3: �

/*�,�-M«#±���
��

/*�,
-.«-�&.5¥�0	1)2)��¤,Z�±�®
H3*�,4-M«j��56!8791L¤�Z�±:5;!8791:*�,4-M«"'�5�6X


1.2.1 < =?>A@CB"DFEHG
������'!7�
�±X_-¯��?� ±:��� ��� h+I ��Y� ��M­�°�¯ � ��J-¯�¥�KMLKlC1 �

K ���5¯gZON"m 7�
;���
���EA � �	�QP h+I ¥OR h/I ��5;!8791	'TS�U �!� ¥:k
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��*-« ! #3�!L�¯�Y
 �'T%�� � 6 [3] 
 �M±�'
(�±�����¬�5 ! 7.1 *&,�-M« � ��� 

°.¯K¥C� J#¯ ( ���3Z ��;��
	 Z�L�¯)�4'7¥���
����4' 887 ������±�L#¯/�������
� ­�q��
	;�&�5­ ) e #g.�;���	3Z�L#¯ ��5�>��C3�� π Z �}¥

π+ ⇒ µ+ + νµ ¥ π− ⇒ µ− + ν̄µ ¥ π0 ⇒ 2γ

+�� ± I � Z���
��! E¬
¤#�	�X
/*�,4-�«H¬9X�" � T/6�­-q��-.:K L$lC1Q'
��

�36$# �97�
-_�¯����%�� �� 6'&�(�'�5�6!
K
#�L¥ π0 .)��
*���"',+ 8.4× 10−17

���.-!/g�10 ��2 q�3�5 ! 7.1:*
,�-�4-��.!576#��Z � 
 π ±�8:9);=<
4:> Eπ �
�BA���
(')?���6'±��'&�( Z)@�A�±1B�C�D Ldecay >51$3�6	
 Ldecay .

\�E�FMI ���
��I/>G3

Ldecay =
cτπEπ

mπc2
(1.2)

mπ .�K9L'lH15±!U&V�3 τπ .�K9L'l315±$��
���� �@� 6!
!g"[�357

�±�_�¯
���W±\�] J:H�',?�h�6���.'g
	�±'I�J�V xint '�&�( ��5�6�
�@�ALK�M�%�N Lint .�7�
O�P ^ ρ Q�Q"m��'R!S�>�TU3 e
f O�V�W +YX'Z 6�[

Lint =
xint

ρ
(1.3)

7�
"_
\?�]Q \K] J�H�'�?jh46 2 q��".13 Ldecay > Lint

W 5-6^&�(�'M5�61[&I9?2A,3

Eπ ·
cτπ

mπc2
>

xint

ρ

Eπ > Emin =
xint

ρcτπ

× mπc2 ' 12GeV ·
ρ0

ρ
(1.4)


_T xint=90g·cm−2 3
`�a W:O 7

 P ^ ρ0=1.2×10−3g·cm−3 3 τπ=2.6×10−8s
W 5

61[�I5?BA Eπ > Emin

W 5�6@i�> 5 ! 741�*&,?-$4&.-X,"b>dc:�-67[ Eπ < Emin �
Z�? 2$e W �� 3.'fhg9>G3bi$j,4!lH1X�'��
lk 6'[ K±

O c,��mUm3q�3 O O c,�3.

Eπ > Emin ' 92GeV ·
ρ0

ρ

QQZ ? 2 [
g h�n:o�prq \ O 8:9);=<
44' 1014eV e�+:s Z�6=Q�3&��
/*�,�-�4 s IK?
A!Y

 tX'Z 2 L�\�'!7�
 s�u)v X'Z�w�3-L�\�x!a�+ W�y (lX'Zg6'[
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L�\ U�V [MeV] ��
*��� [sec] Eneed[GeV]q \ 938 ��	
��J!\ 939 887

π± 139 2.6 × 10−8 12

π0 135 8.4×10−17

K+ 3 K− 493 1.2 × 10−8 92

K0 497 K0
S=0.89 × 10−10 1200

K0
L=5.2 × 10−8 23

µ 105.6 2.2 × 10−6

e 0.511 ��	
+ 1.1: L�\ O U&V � ��
����)[ Eneed . V (1.4)

O
12GeV s

\�� k 6�m O�W 5�6'[

1.2.2 ��� B"DFEHG
g h L�\ s I�?
A@Y
 tX1Z 2 π0 x 2 � O γ s ��
]TU3

O O
γ x pair creation >

?��^k)[�� O 2 � O J
	-L�\rx��,��

�b>d?��^k��:Q s I/> γ
p >�()k)[
��g9> 1

� O γ
p x 4 � O L!\ s S)3�6�[��'Z�x�k����r4"!$# s ?�� > 3�� O �rQ)>�	MH

*�,4-�4 Q �Y� [
���

�� s I/>�	!\���6 ��� q 	!\ O 8:9�; <
4�x e−1 s /
�*kg6�g W s I!J
k367C�Db>�

�!C�D X0 Q �Y� ['7�
 O�� X
> t = X/X0 Q 	
 lk36 Q%3M*�,�-)4
� O L�\�. N

��!
"
N ' 2t

W$# X1Z 6'[%� O � O L�\*x@D&��8�9);=<�4 � E/2t W /�0:k 6'[)J
	-L�\ � 	�D
^�_ s I�' 8�9�; <�4l>9_ ?5A�T�g � [(��6'C�D X >*),+�� s _�?�A�T,g � 8:9
; <
4 � 3

dE

dx
= −2Cme{ln

(

π2m2
e

(1 − β2)
3

2 I(Z)2

)

− a} (1.5)


 T v
� 	!\ O ]�^!3 β = v/c 3 I(Z)

� _!\�`Ma Z
O 	!D.-
/O1�*�,';�3 a

� 	
\ O � a = 2.9 3 q \ O � � a = 3.6 >1H � 6�[0� O 	�D�^�_ W _ � 8:9�; <�4�x1 \ O D(�:8:9�; <�4bQ !2"�3 T:� Z(6=Q��54 W �! � ftg-6$[0� O � O 8l9,;
<�476�>98$j�8l9�; <�4 ε0 Q�:,n�[ 1 \,.*x Nmax

W T 7 O Q4h O 7�
 � X�>��

+*�,�-)4 O T 7 � X�Q
T tmax Q kg6'[K7�
 s ��;]TPAgh 2 g h�nlo�p O D ?�A
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��2 8l9); <
4l> E0 Q k36=Q%3 Nmax

�

Nmax ≈ 2tmax ≈
E0

ε0

QQZ�6�[
π± Q π0 O X�"l� 4 � 2:1 Z O
W 3�8:9�; <�4 � π0 >dI TEA�	��H*�,4-)4 s &
Z
3 O TPA�	�D,^�_ s�� ?�AK_���Zg6�[?56! 791T*�,.-�4 O c�� Q���� s 3�	��
*T,�-14 s�	 � Agm g h
n!o,p:q \ O 8�9$;*<,4�x 1014eV e,+�s�
 6�Q 3 ��
M*�,
-)4 s�� ?5A@Y� tX$Z 2 1 \�x!7�
 s�u�v X'Z!w$3 1 \�x'a #�W�y (lX$Z36$[

1.3

 � � � � � � � � � ��� �

1.3.1 �����! #"
$�%�&('*),+.-0/�1325476�8:93;�<>=@?�A�B 6DCFE )HG7IKJ�LM97N:OPA 2 QPRSUT 6�V 1 Q.WFXZY\[(]�^`_DC.E )badc�e*? 6gfFh 9Mi 6 /U1P2.j.k�lUm 6�V /�125G7/M1Pn,o�9 R S�T 6F_�pDq�rDs�t�uUv.w�x 9yi3z7A�j{k T 67V3s�t�u jFk,4$F%FjFk�&U'*)5+3-�G

Emax ∝ eZBLβc

lD|~}�? 60V $FIFj{k�&('*)5+P-FG0jFk�}�? 6��{� 4 wF� (eZ) �:_�p*qFr�s{t�u4�k��
(βc) �{�Fx�� � (B) � j{kU�{� (L)

9*�.� T 60V�y�
1 Q 4 C{E ) W#Y`^�_(�U�U��C{E )�agc(eP? 67�F�{� 4��{�K9�i3z7AP$�%&U'*):+P-0/(132K�`��� T 6 agB�� C{E )�l(m 60V

fUh 6�8���l(G(�F�0)b� WP�U�b���7sFt�u j{k CFE )Ul�m 6 �F��) �¡jFk CFE)�9(i�zgA�/�1�2 W j3k>}`? 6 a@;{< � ��l�m 6 [4] V�¢ 1.4
9d$.I.j3k�&F'7)y+�-

a fFh 4�I�£{} �P�Fx 4 � }D4�¤�¥,��¦ T VP�{� � 1020eV
J*lDj.k T 6(§ a W�¨© 6gf�h G.ª«=¬?FAF­¯® � GZK °F± �*;F< 6 a § ?�=`4 fFhMW 100Mpc ²H³ 9 RSUT 6`´.µMW m 6�V*¶ S ;F<>=·?FA�B 6 6F8HG0¸{¹ wFu:º -�» v » p�^�¼7½ -�) �¾ ��r 2F¿y-3À YÁ��s{Â ¸F¹yÃ,Ädl(m 60V
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 ~���
�� e Peak

4
Pedestal

e�� L 2 
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• SD
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SD
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• FD
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FD k c 0"l�° F 8Q: Xmi Y
U @ L(K�L �?e 4%6Q7CQ�n MYN l�O�j Eprimary
F@R
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XGi � q�L�� FD � D j���A�T e D�� ����� 
 ~ ¦	� Tf� F R q i (
�
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e e FD � D j	��A�T e 2 � e ¦�� Tf� e V Z X_i � Zh��
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�
2.7:
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FD q�� i 1 J"KYL �Se�MIN lmOHj e R : k���� e���������� j
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T
GPS �6� s k��+� 4�l
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� � � �

FD [7L�\ k i v \'] S�/������ M t ] (+* ,
	���
��74 ��{F} M�� \ v S�/��� . T�S < ����� 5 : c�� � v \3]�� � ��� � W(4��&4 c S\/ �"!�# ~p] % � �t � S\/�� � .Oc G }�~$] LIDAR
0 ��$ � � t�u�v SH/ �"%�&Oc�'�( Z�4 ~*)"�

3.1 + , - . /
S@/����10�SH/32 c54�6n~7) �7< ��8�S@/92 �  � �3: � t )<;>=�? � t6u�v� �A@�. 0�B�C ~*)D�>E � d�F�G
0�H � G � dAIKJD0 dx �"L�M �"�
0�N*O�P�# ~
) a K c�Q�RS)D� % �"L�M 3 �D;�=�? 1 T � � � ��U 8WV ;�=
X G � c σ

d ;�=�?
� H ��? � � � � ��T�YOc N

� ~*)D�

�
3.1:
�Z0 ;�=�? � tFu�v ;�= J i ) � � P�#��78 ;�=�?b�"[ �
i )D\�] ( L�M )�DN�O�P�# ~*)"�

% ��L�M 3 �"^�;�=*X G � 8 Nσdx
� � � d % ��L�M �"��_ I

0�P�# ~*) � ;�=��_
dI
8

dI = −IσNdx (3.1)
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� � ) � ��� c �  ~*) � d
I = I0 exp(−Nσx) (3.2)

� � ) ��� % d I0
8��	�7�"P�# % ��
 , ��_
��� � )"����;
��Y α = Nσ c|}��

~*) � d
I = I0 exp(−αx) (3.3)

� % ���
��c
� 8�� 4 : V 6)4A
 � �	� � EB� � % ����;
��Y α
8�� � B�C	� c� ~����
� 4[Z�� � � �	�S0DSH/ � a K 8
d ��; ��Y 8"! � Rayleigh ;�= �$#	%i ) S\/� � � t )<;�='&  � Mie ;�= �(#	% i ) 	�)'*	+ 
*� t )<;�=
&  7�t6u�v�, & J�- v E
)�� 	.)'*	+D
 � 8�/�S@/92���0 s	132	4	5�6 �K: � % � �� )"��7 8 � % v / 978 2�: / s<;"= xnv E
)6� � Mie ;�=?> ; % ~��

Rayleigh ; = � � E v 8 7�@ �Z0BA'C	�9��D'E9��FHG (1% I 3 ) J � ~ )�� �
[8]
/ � ) aHb � �)c )"��;
��Y �
0LK � ��E�M 8�N (3.10)

� /�O � aHb � �)c )P .RQTSVUVW ;TX Y.Z ).[VQ 0]\_^
��` )�� Mie ;>= � � E�a 8�A	C � 8 7�@ �
Q 8"b E / M'c 5�d	e ��f�g a3h�i�)�j � 7'@ �.f )lk m 0Bn�o.�V` ) �
3.1.1 Rayleigh pRq

Rayleigh ;�= 8�/�r s ( ;�=>? ) j�t	u 0Lv j�w�xzy�{	|	a3} r ~ J E d � y"�
[B�D;�= ��` �����'����j Rayleigh �	�z�3�	�?> , & Z � r
s y f�g aL��[�� /�.�L� G��_� ��j ��[�j�����j��
�.� ` �"���	� r�s 1 � ` � ��j Rayleigh ���
y f �l� ���L�	���3��� d y f�g a��� ¢¡"£ ��¤ �	¥ ¦ s
§
¨ � ¥	¦ s j�©
�_�` ��Q$ª � a §V«'¬ j N (3.4) �L­®¡�£_� [9] �

σ(λ) =
24π3(n2 − 1)2

λ4N2(n2 + 2)2
Fk (3.4)

Fk =
6 + ρ

6 − 7ρ
(3.5)

[�[(� § N � §	` � P�¯ Q°��S�yL±V²��$� � r�s j"³�´ ¯ § n ��µ�¶ P�¯¸· ��S�j¹ º ¬ yL±V²	�(w�x λ j v j�»�¼�½�� ` �"�.¾ ��§ Fk � King correction factor Q¿	À £���Á�j��]�
� r�s j�Â	Ã�Äzy	Å�i��lÆ�³�� ` � § ρ � depolarization factor

� ` ���
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[(j$�]�	�"�B��� P]¯ 15 � § 1 �BSVj ¹Bº �������	���$��¾�
 § T0 = 15+273.15[K]
§

P0 = 1013.25[hPa] y]±�²	� r�s ³
´ ¯ � §
��� Ã
���

PV = nRT R = 8.31[J/K
·
mol] (3.6)

f � §
N0 = 2.54 × 1025[ � /m3]

Q��V��������� § µ�¶ ¹ º ¬ y]±.²	�lw�x λ j�»�¼ ½�� §
(n0 − 1) × 108 =

5791817

238.0185− (1/λ[µm])2
+

167909

57.362 − (1/λ[µm])2
(3.7)

� f������ ���B�'['Q ����� £ a��V�BjL� [9]
§ [�j ¹ º ¬ �'j�����w�x 355nm y

±�²	�"»�¼ ½
n0 = 1.000286� � � � £z�����'� r
s j3Â'Ã	Ä�yVÅ]i���Æ
³ Fk �3w	x"!"#$��%"a	± � § w
x

355nm � § Fk = 1.052 � ` � [9] � «"& W � §
σ = 2.76 × 10−30[m2] (3.8)

� ` �"�V¾ ��§'` �(��S P Q P�¯ T yL±V²
� r�s ³ ´ ¯ N � §�'
( �*)�j ��� Ã
��� (3.6) W �

N = N0 ·
P

P0

·
T0

T
(3.9)

Q*%$a+��� � £����
«�& y f � ` �-, ¡LyL±V²
� Rayleigh ����j/.�� Æ�³�� § �����3� � σ j0� (3.8)

Q01�j�, ¡]y]±�²	� r�s ³
´ ¯ N j0� (3.9) W �
α = Nσ = N0 ·

P

P0
·
T0

T
× 2.76 × 10−30 (3.10)

Q��V���
¾ ��§ ���	w ��243 �6587��9�-:;��<=5 v j d
� § Rayleigh � ��j�� ��> r �L�
��� §

dσ

dΩ
∝ 1 + cos2 φ (3.11)

[(£.y f � § Rayleigh � ���+?4@ Ã�y/A
B � �C�$�¢[ Z [VQ � r W.���
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3.1.2 Mie pRq
Mie � ��� §���s ( ���") ) j"� � ¡ � v j�w
xzy�µ6� ¯ W������ �6� d
� y"�
[L�$���V� ` �"��� �z���'����y�����	�
;�
�(j���������� � ���
)V� ` �"� Mie

�
��y f �"� �������
��j�� ¯ r�� � ?�Ã��	��j�Ã � @
Ã��	�zy�{'|��
�! �W.y" �$#&% Z �(� Mie ����j '�' y f �(� ��� v j " ¯ �l���&� θ
§)��s j"»�¼�½ n

§
*,+&-�. s � ¿	À £�� S j	Ål³zy��V� [10] � */+&-�. s �l� §

S =
2πrn

λ

jz[,�$� §��	s j�tVu r
§��	s j10 �$j3254�j�»	¼	½ n

§ w
x λ y f�g a&68� �
£������,�5������y f � Mie �
��� §87:9 � d	e y f �lh5; � � �����=< 3.2 y
Rayleigh � �>� Mie �
�zy]±�²	�$�
��� ¯ r�� j)? ��@ Z �

< 3.2: Rayleigh � �>� Mie � �zyB±V²	�(� ��� ¯ r�� � r ��� ��)�j�t
u.� ` �
[11] �

3.1.3 US ACBED>FHG>IKJ
¾�
 US L&M�� �=N�O��8��P g a §	` �-, ¡Ly�±V²
�(��QK�SR ¯ � �;� § [�j/�
� � (3.10) y�T�� Z �V[���� § 1�j=, ¡l�	j Rayleigh ���_j0.���Æ�³ � X]YVZ �"�
US L�M �
�,N�O���� «'¬ j 3 ��, ¡]y/A Z ��R ¯ h�; �Lª � ���
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• � & j���Q § ��R : 1013.25hPa � 15 �
• , ¯ 11km ¾3��j���R�h�;�½ : -6.5 � /km

• , ¯ 11km � 20km ¾L�Vj���R�h�; ½ : 0.0 � /km

��Q�� WMO � 11 �������	�	
��	�16���¡l£ �
���
��� ������� , ¯�� � ��� �
£_�"� ���
��� ���
�:�+, ¯ � 0km j 93§���� , ¯ Á��	� 0km ���]� ���
��� �
�����*, ¯ '

��� , ¯ �*%��� "! �'$#�% ­�y ��&V�=,<¡By�±_²V� US L�M
�'�/N�O��'�3Q)(���R ¯ �+* ¡�£��	±
� [12]

§-,�, � � ��� ��P.! , ��y0/�� Q)( P ��,®¡1��2��	Ål³ § R ¯ T ��,®¡
�	2$�'Ål³�� Fitting ��3�����Q�(0� Fit y �54	³�Å"³ § R ¯ � Fit y � 2 6�Å"³
�87 � � ����Q9� Fitting Å(³ (yp[hPa]) � R ¯ � Fitting Ål³ (yt[K]) � §

yp = exp(6.8 − 0.14x)
§

yt = 1.1 × 10−7x2 − 6.5x + 279

�$&�: � � , £��3< 3.3
§ < 3.4 y�@�3�� x �1;�<�� km �= >:8���V�"� , �
Å(³ �

� (3.10) y)T
�)3�� , �"y0/�� .��
Æ�³ α �-,¢¡1��2$�'Ål³>�*%��]­03 , � �0?@ ���
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� '
#�% ­G����� §�H
I � Fit ��J��.�$&V���

28



Height form land surface [km]
0 2 4 6 8 10

[K
]

210

220

230

240

250

260

270

280

290

< 3.4: US L�M
�
�A��Q�(4�V�+B�C��5�
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I � Fit ��J��.�$&V���
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3.1.4 ����� ���
I	��

� D>F����
�
US L&M������������*�����E�4% �$��N&O��4�V��&®� § �"! �$#�% �'& : � 7 �

��Q5��R ¯ �l�)(+*
Â�� � �;1 , �-, �=�/. ��O���P$7 % � #�% �$& : � 7 � Q
(K� R ¯ �+0�1)3 � �2, �=�/. ��O �l����3 ����Q54��&R ¯ 4 �7698 § 1]£8�7�
��:2; & Ã9< �°© ? % �1� & � �>=�?A@�B ��O��,�
�70�103 �7C2D��)&�� �E#�%
�'& ! �5F ��� 2 G � �9, ����. ��O�H � �
�JI ��KML/�ONQP �SR�T +)U �	&�V §
,�, ��O5�=���:P�7 % � [13] �
, ����. ��O$�1O5���,� US L�M�����N&O1� � � 4EW)X��;��Y��&Q § R ¯ �7ZM[
% �
2 � �), ����. ��O$� O5�5�AK 2006

%
8 \ 16

7
0
9 � O5���*��P
79%$Y �&<

3.6 ]E��Q § < 3.7 ]�R ¯ ��Z�[ %�Y�<�X)&�� �E��Q)ZE[A�&< 3.6 �+^ � � �
­5_

< 3.6: , �1�2. �:O�O=�=�/� US L�M����,O��=���`��Q9�aZE[��	B	C2K5� ­ � �
�/,®¡ [km]

§�D C2K Q$( [hPa] X�&�� �

� �B±.²�����Q�K`� � � - T �����
���E] b � �A]+, ¯ ] & ] � �4��£��Acd] ?
� � � �
¾�Y3R ¯ Z�[ ��< 3.7 �$^ � � §�e �5�'­5_ � X)�Af 2�g ] � � � �	­h_ � X"K
US L&M���� � � 4EW %$Y)R ¯ ��Ã)] i �E] § , ¯ ] & ] � � ��£��", ����. ��O
�)R ¯ ] �"j �+��� � �h, �5��. � O$� O����1�$k�l ��K ��­9]6#�m$3 ��] US L
M����=N�O�� ��K &�n 1400m ��K5��­"] #�m %=�
�5Y*� § R ¯ ] i � �$:���� �
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< 3.7: , �1�2. �:O�O=�=�/� US L�M����,O��=����R ¯ �aZE[��	B	C2K5� ­ � �
�/,®¡ [km]

§�D C2K R ¯ [K] X�&����

� ª�� � £ ���
6���, ����. ��O$� O���� � � ����Y���QE�SQ�( � Å(³ � Fitting 3 � �A��Q'�
Ål³ (yp[hPa]) �SR ¯ �	Ål³ (yt[K]) K §

yp = exp(6.9 − 0.12x)
§

yt = 0.32x2 − 11.4x + 319.4

�-�$:`Y ��J���K�< 3.8
§ < 3.9 X$&�� �h, ����. ��O � Å$³ Fitting � % �A1-Y Å

³>� US L�M������	Ål³ Fitting � % � 1�Y	Ål³8�8��cC�'0	V § , ¯ �/A % � � £� ² - T ] % ¶���� � � �7^ � ( < 3.10
§ < 3.11 ��� ) �

3.1.5 Rayleigh �	� ��
���
��
�

(3.10) � n �������)����� Fitting � &�: Y J������! �3�� , � �$/9V Rayleigh"$# �&% "�' ��()�+*�,�Y �.- 3.12 �0/�1)�+ZE[32�Y�-4�6587 �9$:<;>=+?A@>B
0km

9DC X ? ,$EGF .8HJI$I.K.L �+MON>2`Y�k�lP� US Q$R$ST �+MON>2`Y�k5l ? % "D' ��( α
? cVU0S�WGXZY[W�]8\O]&^`_ ?Aa`b �Z26cDd��=fe ] ?Zg - 3.6 �6- 3.7 h[ikj T$lDm!n�?Ao$p�grq UJs.tOX�u ? UAvw2x�Z� m�n?AoDp[g s`t�S>Wzy+{�cOu4]A^)h�|Ac�j�} ? �$� ?r~O� t��[u�cOu.]Z�Z,��6dD�=fe ]A^
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�$:[? ( � j���� g Fit
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?
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- 3.11: �DE�F � HAIOI`K�L ( �8� )
?

Fitting �&� ; = US QOR8S T ( �8� )
?

Fitting �+� ? ()� � u�c.\O]0^��
� gr9�:4;>=6?r@�B [km] j��
� g ���Zs [K]
�

\O]r^

33



From Ground Height [km]
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- 3.12: Rayleigh
"$# U4h!]J% "D' �O^��
� gr9$:4;�=+?r@�B [km] j�	
� g % "' �$( [km−1]

� \D]r^ � � g �ZEGF � H6I ? I8K8L �6MDN�2r� o$p�?�� �Zj ���g
US QZR$S T�� I�� �+MDN>2A� o�p�?�� � � \O]0^

3.2 LIDAR
� � �

LIDAR 	 g�
 K
�<K �+M�Nw2 c�S T�?���� �����.7<]���	 ? 1 � � \�i j�������D?�� u � ��! 
 K"�`K �+S T U�#%$!c'&){�2G_ ?��8?
( � "D#*) � PMT t+ $ =xe ��, )�- �/. �w2 j8_ ?'�D?10�)32 �V�JN8u!cGS T`?���� �4���O7<] ( -
4.3 5�6 ) ^$\D] . � C8;�=87�9 t R

98e � o�: U";%$�] ( � "�#�?1)�? 2 � P (R)g

P (R) = P0
cτ

2
A

β(R)

R2
exp

(

−2
∫ R

0
α(R′)dR′

)

(3.12)

� :3< ] [14] ^ P0

g=
 K/�`K ? { � ($j c
g�)[?�> �$j τ

g=
 K/�<K ? � ��!�? j
R
gr"$#$CA@ �8?�7�9 j A

g , )B-�?10�)�C*D j β(R)
g�( � "�#$' ��j α

g % "
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' � � \D]r^���� ? h���X
�����	�
� ^
X(R) ≡ R2 · P (R) (3.13)

S(R) ≡ ln(X(R)) (3.14)

"$#�CA@ �8?
7�9
R t R0 �6u��
�/�D(��.|�� o�p j S(R0) = S0 j β(R0) = β0 �

7`]�� j ����� K ��� � (3.12)
g

S − S0 = ln
β

β0

− 2α (3.15)

�+X8]A^ � (3.15) ��� � 7`][� j
dS

dR
=

1

β

dβ

dR
− 2α (3.16)

�JX4]r^ � (3.16) U g R
?�� � β � α t� )|&c�;	i&} ?3@*@ �.g�� t � $ZX�u�^

_<} � j�� ; 2 =+?�� �V���wy! #"4t8\O]0^

3.2.1 Slope $
�

(3.16) U ;OuZc!j ( � "�#D' � β t 7*9 U`h = X�u (dβ/dR = 0) ��7 e�% j�
(3.16)

;>= % "�' ���6*�,.].}8��t'&�(4U�Xwi j
α = −

1

2

dS

dR
(3.17)

��7[].}.�6t4{*) ]A^ LIDAR + !#,�- ��.�/ {	)�] I8K4L g j ( � "�#*) P(R)

� "$#DC @ �8?�7�9 ( 0#1[U32.� % �B� )
� \O]��Z,Aj .�/ 2A� IOK.L ��4�5.7<]

}O�JU.h�i 7�9 R v X
?�6 ��7$�98 yr}O��t.{:)V]0^�4;5�20� IOK8L U	<Z�z�+�

� Fitting 2fjV_ ? �r� ?'= W (dS/dR) � � (3.17) U&�� <7�]<}.� � % "8' ���I8K.L ;�=?>;@ 7`]4}8��t4{	))]A^ } ?���A�B 	 ? }8�&� Slope 	3� u�� ^
 K"�<K �	C�D*� #DU�E |�� o�p[g j�FHG�IZS T 1 � � �.7[]�� j dβ/dR=0
?

J�K t'L�M B0e j ; ��j�% "$' � α(R) N 7�9 R U4h =PO �Z�P�+XO] ? � j Slope

	)�9Q.N�7`].}8��t<{	)V]8h��+UZX8]r^

1 R?SUT?VXW�Y[Z!\^]?_P`^a:bdcPe*fXgihdjXk9l:m[VXW�nXoip
q
rUmts
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3.2.2 Klett’s $
Slope 	 ?'�Dg j ( � "Z#$'���g�7�9 U.h =XO F'����20�&^)2 ; 2
��� �Og j����� X
	���
���26c!j

β ∝ αk (3.18)

�+u �������+MDNO7�]A^�} ? k
?��zg 
 K/�`K ?
����������� � � ?
 "! U
#�$

26c�;Pi j�F&% � U 0.67 ≤ k ≤ 1
?('*)��+� � . ]*� B0e cDu.]r^,
 (3.16) U�


(3.18)
? ���-�/."0O7`]*� j

dS

dR
=

k

α

dα

dR
− 2α (3.19)

�+X8]A^�} ? 
 g+1 �-2GK �
3 ? � � �#��
 � \O]r^�F&% �[g j
α−1 = exp

(

−
∫ R 1

k

dS

dR′
dR′

)

×

(

C − 2
∫ R exp

k

(

−
∫ R′ 1

k

dS

dR′′
dR′′

)

dR′

)

(3.20)

� X$]J^�4Jj C
g1D�� � � � \�]rt&j5
 (3.20) U4� � R0 �5.,0�6.]���j C = α(R0)

�+X8]A^&
 (3.20) �87 � 6`]9� j

α =
exp

(

S−S0

k

)

α(R0)−1 − 2
k

∫ R
R0

exp
(

S−S0

k

)

dR′
(3.21)

α =
X(R)

1

k

X(R0)
1

k

α(R0)
− 2

k

∫ R
R0

X(R′)
1

k dR′

(3.22)

�JX.]A^;:=<;:xj>}�> @�@ �.g�?�@ � �zg
A9B�@ � g�C U$X.|Ac�: @ � ��D t+EF ]r^�_<} � 1981
� U Klett t+GV{(H�<JILK��*> 7�9 U�M�N 7�9 (Rc) �/O��-:xj

_�> oB: > ?�@ � � α(Rc) �PM�N
J�K �Q6`].}�� � ����>(
��Gd�R�:r� [15] ^

α(R) =
X(R)

1

k

X(Rc)
1

k

α(Rc)
+ 2

k

∫ Rc

R X(R′)
1

k dR′

(3.23)


 (3.23) > o�p XSIT
 (3.22) ><h��6X �"D�g
U }�I O j ?�@ � � α �PV*W.]�>�UXZY$g X�u�^ . ��[ �&<SI @�\"] @
� > 7�9 R t�^�4_��: c Rc U=	 + yQ`ba j ?@ � � α
g

α(Rc) U(c�de6`]0^ @ �Aj+f�g*> Rayleigh
@�\ �8g

β ∝ α t+h�i[U�jk :xj k = 1 �6X.]r^l
5 m9> �#A �8g C�D &V{onep�q g Slope 	 � j"r*s�&V{on�ptq g Klett’s 	 ��#A 6�]0^
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4 LIDAR
� �

4.1 � � � � ��� 	
LIDAR + !#,�- t�0�|�
Du
� LIDAR � p - g j FD

!#, p +����=<�I ;����
100m

9�� ��� ��������� 2006
� >� ��"!#)_>�+ !�,�- >�F ~ �$#&%(' :�)*�,+

> LIDAR + !;,#- �.-�/0
�1�2*354"6_�87:9�6;��+��.�<�>=@?�1�2>���*�$A:B*>C:D �FE&G;� � ���:H�
�I�K&J<K�9�L�M � )"A(B�N,O.P:Qe6>�"�

R
4.1: FD SUTep&V,����W LIDAR � p0X�>"�
Y[Z"\]O$^�:") R � LIDAR >
O;Y

:$
����._:`5a 1400m K<�[�"�

LIDAR �Lp0X��:a0b[c�d5e�bgfih�j�k&/:
�lm=@?<bgfih5a�n��(o�n>p(� 360 qsrt�u ��+�W$jwv�x(K<���"��+�e0b�fyh5e�h(z�{}|~1[25��p(��
��8�*�;�<O$�]� u
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R
4.2:

R
4.1 e����5Y<O����5�	�gH*)�
�e�K����"�

LIDAR ��
>�Ua Meade LX200GPS-30 I��(J�O���������-�/��(/��	� +�e I��(J
a��������! #"}|%$��:l�=@? PC �'&(�*)�+,�'&*H	�.-�/>e"n
p��Up�����+[W j<�0 � (

R
4.3) ��I��(J
e"J�1#243.�Ua,� ����� B�5�6�O� #"���)�7(e���j:k��.�#8

� (
R

4.4) �

R
4.3: LIDAR e�9�:U�<; R �

� �����5W~I���J O>=(
�? u �[+(W!��&
=@?	@�A;eFB�5�B�C�D.9<:�EGF OIH>H")�J
J�K;Y!L�
�O�-�/
eFn;p��Upw{M"N�[+&W j�� 0 �!��Jw) ? IM��J;e	O�PUhUz��0aRQ

38



R
4.4: � R a Meade I��(J
e R K#8<�	��� R a B�5�6Uh
e�C���� R K#8��	��I��

J>a��	�,��
�L�M	$0?:I��&J
� ��a"B�5�6�O* '",����7(e��Uj	
�L�M	$<���'���
{ |���������� CCD �':�D�O�a�� � PMT O��;Y ����8g= ?��>$�j�����B>e! 5�
K
Y�W#"��	�%$UJ
e"PUQ�&
a�'�(UBU3�)�*>e�C�+�,.-�/,��0�1��#8#�	� LIDAR V
S:T(XN��2	3]MR$��	�����8�w�
��a Nd:YAG(3 4:`&E�5 355nm) � �*�;��O�2	3
�>�&lm=@? C(D�6 j878h �:9]HR�����;�!$5OFE
< u �=�<W���& =:�8�*�
��e��?>
O$E@< u �	�A��e CUD
6 a%B&�DCw�FEHG D(9	IJE C=�yT�K:�DCUOL3D�������	��� �
�
�(a�I���J
�4�*kD�����N�M�#�	 gHR���'�wj�?M��e��<��a@N�O�;��	��PU��I�

 '"#�'8#���Q��e@R*?�S��S,��%C:O�3=��� �.���
�"BgO$���?3 W��8�*�;�[�?>;e
B
TAC��:3 ( N�O�;U�	��P���I:U�9:� ) � z5�(���'���
�.�w�
�&e:V&n
���&B e? ��:a�I���J5e�O<P�h[z4��kD���D�N� PMT O�3=���WFX � PMT { |Fe&V�Y!O�-
a�Z;V�PwSA[0�	�&O�2�3 u ���<W��N&�HR��7&9 u �R�

Meado a:\(o&?(n	](o,O!��L u �A�<WR��&�= -</ e�n p#�(p&�'�=��W8j0v;x(KU?
��e	)�+5a�^�_�{ RS232C O�2�3 ��� PC {g|�,HB&� F )�+<K,3��	� LIDAR V*S
T(X[eR�	`�K>Y R O R 4.5 � ^ u �

2006 a e:b4� LIDAR V0S�T(X<e(=�h	c	d
e�O W H��.�@f 0 a!g�K Y<OL^�_�K
)<+ �*�(l = ?<{D"�=h^jiUj({�{5HR���D��e0K8[�E�k�l0��C��U{ |Lm?n	g�K Y�O
)�+5� 0 �#& X �����R� PC {g|	,oB&� F KA[#EGFpP*�:-
� 0 �#& X �����	K
Y:a
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��� e��yk:K�8<�	�>M�|>����� LAN O�k��@���[W	�'&>=@?%(Uh<{g|$e�)�+�j�v<x
�@"�H%���

• Z;V�P�SA[��	� (LAN port)

• �8����� (RS232C)

• PMT 3 High Voltage(RS232C)

R
4.5: LIDAR VwS�T(X

4.2
	 
 � � 


LIDAR V*S(T&X[a�� Jw{��"z ��� �$�w�
��h&?��(B�h[?�����C���� (DAQ) K
Y�?��Ue�� (PMT 3�`���������� ) e�d��� "![{,|#� =%$�H>�����!��� ����� h>a
� �����"? λ/4 &('!5�)
/:?+*���X:SD��,?�:C@?
N�ON;0�<:���Cw�*{g|#� =,$]H	�
�'�	�-��B:h5a I��(J�? PMT ? BG-3 ."/L-;C"{ |#� =,$,H��	���R� DAQ K>Y(a
��;DC�-	Z>V�P*SA[0�	�~? Analog to Degital Convertor(

�0�
ADC) {}|1� =2$,H

�	�'�R�(�:e3�>a PMT �*{<�<�$`������"�<K�8��	�
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4.2.1 ��� � ���
LIDAR V�S0T:X#��3��,| $N� � �"���Ua��
-&S	�;O 10−9m 
�][K���

� 0 � Q

S�9j���[e Nd:YAG � �����[O�2�3 �������	� � �����:a&�!>(j���� 4mJ K�5�)
a 355nm e�
�e<O#2	3 �*���'�	���8���;�:a
m3�����A"(e*K������]O[M>",�%��7
� λ/4 /�O�� �*�N8#������� �0e �8���;��N�K?-"!U��O�# �@��7<�$�<5���%'&#�
*w�UX(S��M,���C�O��>Y4�)( **�UX[e+*��
��, E F O$-:� M	"#��N
O�;U���	PU�
I���90��M>"��#8<�!��N�ON;0���
Pw��I�{g|F���$.�/>a ADC ��9	>"0!$1(�2�340
$,�R� �$���>�&�?>;e65�7�a+( �$�w�
��7.h4�!998R�D�'�$:�; 69< 3��N���M�!$
a%B&�DC�� E G D(9	IFE C��)=�K:�DC�>#8@?A(
B&�DC��:eCB�=8���Fo�D < 0�1����E �'&18>�}� �����:e(�!> <�F �*KHGC>#8<�!�+I 4.1 �]� �����:e�J�K < 2 �����

5�) 355nm(3 4�L�5�5 )

��-MB�� 4 N 6ns

*���O�P 2.5mm

*���O�Q�jR? 3mrad

���(����N�K?-S!U� 4mJ

��-MB}� � F 1Hz( T �)( 30 Uji:e�V 5Hz � u �=� E v�x )W�X n:d Y W d
I 4.1: New Wave Research Z�[ Orion Nd:YAG �$���;�]\1B�=�O :355P e+J�K

2�3 �>�D�N��**��O]B=�S,%��C��]^�\�Y1_���`�[ e OPCFU-30C03-P(CaF2 a /
EQG a ) >#8<�	� CaF2 a /<E�G a e$I�b�-U��c'^ 8% >#8<�	� λ/4 /H^�\�Y6_6��`
[>e WPQ-3550-4M

< 2�3 ���
���>��d�(�N�ON;���:���Cw�Ue�J	K 
eI 4.2 �0e "
��lRf �

5�)�g�D 0.2µ N 12µm

N	K?-"!0���.E ; 3µ J N 7µJ

, Eih
��e�m6P 50mm

���jf�?lk �<�8� F 50Hz

���]�	-mB�� 250µs

I 4.2: Coherent Z�[ N�O�;U�#:0�DC�� :J50LP-1A e+J�K
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4.2.2 ���j�
LIDAR \CB�=]O<e3�]�(h �]^ Meade Z�[�e������ < ��� �!�,
we < 2�3 �!�
lR? ( ��e	���
�'^ RS232C �N&	8 �.-�/5e�n5p�����
<jwv;x�>#8#���

�
4.6: � � ^ Meade LX200GPS-30 *����
� <�� b<{ | �98�� � >�8<����� � ^

��j����
� ��948�� E 3�e���% � >�8#���
�"e��(���;e�$��;e�� � &�^�f 0 ���M�@�
�N
	� < '�(	�����@)�c[j6L=��C�+j, -
/��L0�� � �
�<�!�i� <  >� u ����7����������C^ PMT ���
�
| $���� ? ( PMT

� I�b��	^ BG-3 . /H-jC <�� � �
�<�!� BG-3 . / -jC6^L'�(	� < ��!�.-/ -jC$>" 9�# E "#�%$���� <'&�( !��%��7�� �)� �#8<� (
�

2.4 �!� � ) �+I 4.3 � Meade

���
� < ��� ��� *'����J�K <%+ !��
J�� Meade ���
� < ��� ���,*�����2	3 �>�	�'� PMT ��J�K < I 4.4 � + ! �
d�( PMT ^ LED

E
ND .�/L-8Cw� < 3D��� Gain ��- </.10�2 > W 8	�3� ? (1L

�"� 1700V
<

PMT ��4 � ��R�(65 ��c'^ 1.41× 106 >'8m8���� LIDAR \1B�=�O
��2	3 ���	�'� PMT

< �
4.7 � + !��
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��5�6 \	l��	� F �C,AY��(E����� P 305mm

O�P
	
� 3048mm

���D> 1836 4 ( ��
�������� )� P�� F10

_ a������ � .! ��#"�_ a
�$�
I 4.3: Meade Z�[ %�&�')(+* �-,3� :LX200GPS-30 ��J�K�.��-,3�/�	^$��0�1 <2!35476-8 �
' < �-,
��9/��( � (-:3� ��� ��; <7< "�=?>7@/�BA3��C/D 6 CCDE!F
G ^�HI� PMT

<KJ�� 4 EML$NPO � <RQTS 6 .

U
V#W �YX "�B�Z�[ PMT:R3479 � J L �Z P 19mm( [
\�b�P 15mm)

g�D�]�^ 185nm _ 650nm( `�a�b
c 420nm)dfe " �hg G e �fi  w� E-j 8 k
`
a+lnm
o�p 1800V

5�q�r 1.7×106(1700V)

s
4.4:

U
V�W �YX " jut�v PMT:R3479 w)x�y

z
4.7: LIDAR { j�|�} ��~��+�B��� L 4 PMT

43



4.2.3 DAQ ���
DAQ ����� PMT �
	 w�{��
�f>���� 4������ >��!{�� j�� �����! "� � � F �� �#�$	Mw�{��%�->&�
'�(*) 4 ADC �+	-, 4 .
•
���.� >��5{/� j�� �/�
� J L �

�0��� >.�/{/� j1� ��������243�w HD
�65 j "87�( L �/9;: C�<�= �B� 6�� �� ��>0?K��'�(T�n� 4 . �*�.� >/�5{�� j0� ����� LAN %A@CB PC �D	FE�G�H�I

B*J 4 . s 4.5 � ����� >.� {/� j�� �/�-w)x
yK�4L�)).
o�pNM � � 2mV _ 1V

o�p�O�P�I 8bitQ�R q 20MHz

`
a.S � �T= � �4T�]�U 2.5G Sample/secV.W�X0Y ��Z >�U 4

s
4.5: Lecroy

t�v ���.� >�� {/� j0� ��� :WaveRunner6039 w)x
y

M$�8[
��� 1 \6].^�_ S 6�� � � ]&�a`�b���� 4 \/c w8d�e/f ���0gA:ih�j�k�c
7"l L .0>�?mB#h/j/k
c
�8n*o 476�8 �%p�U6qCr&s��B� 6 M$�8[;��w%t/u�`/b�\
� � � � P�vA� Q N �u*f�mw�x*) 4 ?.�!B"d�e�fT����yT�1z)��� L 4 . z 4.8 �C�
{/� j6� ���8B PMT w�{��%�->1�{<�=I� 6#� � � �{L�)K.

[s]
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

-310×

[V
]

-0.018

-0.016

-0.014

-0.012

-0.01

-0.008

-0.006

-0.004

-0.002

0

0.002

[s]
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

-310×

[V
]

-0.018

-0.016

-0.014

-0.012

-0.01

-0.008

-0.006

-0.004

-0.002

0

0.002

z
4.8: | z 7}M8�C[
� 1 \5w � � � C�~ z 7}M8�C[;��� 500 \/w�x�� 6#� � � B

J 4 .79��&��M$�"[
��r
s#�0� 0 ��� 6 �*� [s] C/���A���&s#��� 6 PMT �/��w
o�p [V] B*J 4 .
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� C���{�� j0� �/�7w � =������
M ��[���w Sync ����B.J 4 .�� � j � >1����z6-8�� C;M ��[;�"�D	Rw � =	����gA:�
 20µs �/�D	 � � � �{<�=�
�� L 4 .�� �j � >#w%j�� � � [-20µs C -10µs] w������M~
��
�� L 4 .�� � ~���
 6 ���5wBo
p
M�� � � 2mV/div � 20mV/div B.J 4 .�� ��!�O � 9*^ 4 t�u�`�b�\6��a�\�"�B
J 4 w�B�CNM�� � �na�*&z-) 4$#&% 7*J 4 .�'�q��(�)�/w(*,+&� Q N ?�� ��-/.
�0
 6 w�B 20mV/div �21 � ~��3
 6 .-9/� w�����M4� � �(50�#w�6/f � 9 L �
20µs/div �R~ S 6 .

• ADC
� J L �

ADC � PC w PCI 7(�/8 � �-� S ��9$: C <�=+��� 68� � � � PC 2uw HD
� '�(

�B� 4 . ADC � RS232C 9&@�B PC �+	-E/G*78H�I�B*J$: C:8K=��(���
M$�C[;�
w Sync ���
�R~���
�� L 4 . s 4.6

�
ADC wKx
yK� L�)K.

o�p M�� � ; X 7[� G 0V _ 1V C 0V _ 2.5V C 0V _ 5V< e 7[� G ±1V C ±2.5V C ±5V

O�P�I 12bit

`
a*S����T==�"�
T
]�U 10M Sample/sec( >,?0@[�hg )

20M Sample/sec( A&BC@[�hg )D 60�#SE�C�T==�#�4T
]�U 62.5K Sample/sec

s
4.6: Interface

t�v
ADC:PCI-3163 w)x
y

 �� � � F � � �8B$M ��[<�7w/s W wBA�F&��6�f.) 4 ?.� � g�: C
M �%[��87=G S
� L 4  Z >IH*�7w�JK	 JIK w$L�M&�Pm�N 4 ?�� 7�H*I ��O�4 .� #� � � F � � �
�+	Rw�{/�%�->0� z 4.9 B�J 4 .

M �%[�����r1s0
P� O L � K 
	Q"f�R5w=� � j � >6�PG S � L 4 .�>�?{BDM �%[<�
w� Z >SH:�*��M�e � j 476�8)�  �� � � F � � ��w � � � �+	�� � j � >&���
z #&% 7�J 4 .;M$�"[;��w�� � j � > w=6/f � ��M$�C[>�.s W � 0

� 
 6�T�U B
8K=��(��]�^�� ADC

��V NKC�>-w�� � ADC B"� 6 M �C[���w�s W R&�(� � j �
> ��
2�"j��W
 6=X
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[ms]
0 1 2 3 4 5 6 7

[V
]
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z
4.9: Ms��[<�/� 1 \�_ S 6 � K w" 8� � � F � � �C�
	�w�s W ]�� X 9����AM �

[;�*�{\�rW
����D	Rw��.� [ms] B*J 4�X M8�8[��
w�s W w���� � �������$R/w�o
pK�R~ N X ?)w z w	��

CNM �C[
�
w�s W � 0.11V B*J 4�X

4.2.4 ��
��
>-w��5w���,�!;��
��fC PMT ��w���o
p-o��*7.J�� X ?M�*� RS232C �P>W
��

PC �$	RwmE/G�78H0I�B*J�� X s 4.7
�

PMT ���
o�p
o��/w)x
y&�4L�) X

`�a&s W o�p 2000V

`�a&s W o�� 1mA��� �	��R 5mVpp

s
4.7:

V fA�KMM{ ��� � t�v ��p�o�� :HJPM-2P1-SP w)x
y
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4.3 LED ��� � � PMT � Linearity � �
LIDAR �����DM ��[��.��a	� ��
 ^��C_
����>-w�t�u�`/b��K�����	��B����3


PMT �	>W
�� D 6�
������ X M �%[��.��rAs0
��$����!�O � 9*^��{t�u�`�b��6�
�	�S
 �}z PMT

��� �no�������7! #"�� 
%$��%�!&#qKr ��' ��(*7 O z O	) � 

$+* X�� �Bo��	���;�4� PMT w dfe-, � gi� � o�c�7/. ) � 
%$/�%�*>u� � g )
�0 1"!��o���7 dfe2, �hg-� � ��� ) �3� �no�pK�54.o4�E
/$6*7�3� w6?*� B�J
� X g ) �0�98nw+z#	:���.�#749 �-;<&�qfr�7�q%=�) �7w#���:>@? � X z 4.10

�
PMT ���3A �
��� {/� j�� ���8B�6/f3
B�!C���� L�) X

[km]
-1 0 1 2 3 4 5 6 7

[V
]

-0.18

-0.16

-0.14

-0.12

-0.1

-0.08

-0.06

-0.04

-0.02

0

z
4.10: M$�8[;����s W 4mJ B"_ ) ���!w PMT �/�	A�� XED �A�DM8�8[;���4\

rW
B�	��F��+	 `�b3G6$�B!w!H�I R[km]
��J	K 
��*J � X

L
4.10 �m� �1�M� R 7 0 N 1km O�F�B/�)"�7/PQ���E
�$ ) �3� � X ?/O(!/O1�!R

�&"�7 PMT
� V rW
B�6?*� � g6:S� � �BT����	��7� 9"B����UK��V&N�	XW � X

4.3.1 Y1Z 
\[^]`_badcfe
LED � Function Generator

� g ) �0g�hQi<W&��j1kl�}M ��[;� �Em�n i�o �@pq � g+k�M.�C[
��r/R3� � rKssi<Ws�0t0� � LED 
X� �Bu �!v	w 
��sx�� X p
O(6 wzy<{3|^} � LED ~ Nichia �+O NSHU550A O UV LED �@x�� X
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L
4.11: LED � | � � LIDAR ��������*�+ L X PC �
	���
@� �����+O ' r��r ) 
 ���������	~ PC ��	�O����-r��! ��@x��-p q �#"%$'&
( wsy ~*)y��+<�,��-�r 0.38mJ � 0.82mJ � 2mJ � 4mJ O#.,/3�%>�0 ��&�1��2)s�
+;���'-3r 0.38mJ � 0.82mJ O ( w43 ~ m " 3�5 r0� 2mJ

q
4mJ O�.6/ ~�7d* 3y�8Q) � (2mJ

q
4mJ ~ m " 3 ) & LED ~ Meade ���3�*��9;: } �=</O�O�>6?6@yBA �;�!C5��D%E } ��& LED O���F��;GH��I,�KJ0�!CE� ( w } �0C3�6~ L 4.12

�@x�L�& LED OB��F+~<&!M�N O ',O (P�#Qfi'R���S y $=L5��U y �fp%O L O�T�U
S /50Ω r 100×10−12V/Ω·sec V6W y R2LYXHZ y LED O v	w � 8*[�\ &])F��+5�
O�^�F2r 0.38mJ _ 0.82mJ ` ~ Function Generator O v�w ~�_�T�a 3.1V _�b6c��
M 306nsec _�d�e6f 500KHz

q }B\ &]).��+>�	O�^�F2r 2mJ _ 4mJ `@~ Function

Generator O v�w ~�_/T�a 2.1V _;b�c��,M 288nsec _�d�e,f 1MHz
q }�\ & v�w rJ%gK[ 
6hYLEO�~�_ LED ������C0��D�E }�\�\ UE�@x�L�&
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[sec]
12.9 13 13.1 13.2 13.3 13.4 13.5 13.6

-610×

[V
]

-0.05

-0.045

-0.04

-0.035

-0.03

-0.025

-0.02

-0.015

-0.01

-0.005

-0

L
4.12: LED O�^�FP� PMT ��� } 
�G2��I���J*��C/��� [;\�� ��� &

4.3.2 Y1Z	��

( w � ~���
	O!X!Z R����@� � ���,��� [�\ &�� � ��� cs~ 4 � 2.3 � O�GY��I
�=J*��C����Y0 \ ���*� {3|^} 
�hYL�&
1 � LED ���2�#^ 	 o PMT  "!*� ( w $�L�& ( # O ��$ 4.13 A

y "Y$'& )

2 � ) �B+��"�%� 100 &�'K� } _ PMT �%��(�)�cH� ( w $2L�& ( # O ��$ 4.13 B
y

"Y$B& )

3 � LED �H) �B+�� y0m!n i�o�_ ) �B+�� q LED � m ` y 100 &,^]	Mo�_ PMT �
��(*)�cH� ( w $=L�& ( # O ��$ 4.13 C

y "!$B& )

4 � 3 +,�.-�/%� 	 2 +,�.-%/ �10�h \ <�� ( 2%3�4@r�5 \�6 
6h�L�R*	87"9�: LED

^ )
q

1 +,� LED ^ ��;�<�02L3p q y X k PMT �*2 O 4 �>=�0!L�& ( # O �?$ 4.13

D
y "Y$B& )
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$ 4.13: ���+~ )8��+;����	������
	�����`��Y�
��� [km]
y����9} 
@x%L�&

4.3.3 ��� Check

LED � ( w -1/�� } 
�_�	�� LED �1�"�#.,/ � # O � ( )s��+���� LED) ��)s�
+;���?# O � ;�<60�
�� \ &�$ 4.14

y���6 ��6 �*# O �#"Y$B&";�!�$�" $�L \�#y
5 $ 6km %�U*��&('BC y+} 
@x�L�&

4.3.4 LED )+*�,.-�/10
) �B+����6��-�� 0.38mJ _ 0.82mJ _ 2mJ _ 4mJ � 4 243���576<��'K� }�\ .�/

� � PMT ��2 O 4*��=�0 \ &8���2~P) ��+���&%'��%� 	9�����:	B� �8�;�-��_=<
�z~?>6as�sx�L�&�@�2BA4)$�'+>�C� LED �;D�` y ^ 	FE \ ` y ��G }B\1� ��� _A 2 A )8�;+;�����=�#^ 	FE \ ` y ��G }�\%� ����� 100 &�H�I }�\ $�A $ 4.15

� x6L�&KJ y ^,F*��;�<,0 \ $%� "�$�&���� ~P) �B+<����	L�����M	%�������,_8<

50



� L(R) ~�� (4.1) �2X2Z y���� L�&
L(R) =

LLED+La(R) − LLa(R)

LLED(R)
(4.1)

1�_ LLED+La ~ LED ��) �B+;��� D�` y ^]	 E \ `���^�F�_ LLa ~P) �B+;�"�%�
��^ 	 E \ `��'^6F%_ LLED ~ LED ���=��^ 	 E \ ���%��^�F2�2x%L'&	�7	�
 _
L(R) A 100% ��`'_�2"3�4+~*5 \�6 
�hYL7� h�Z
� � �@x%L�&
$ 4.16 X�
 _4)8�'+����6��-�A 0.38mJ � 0.82mJ ��` ~����*2 O 4BA�5 \�6 

h%L1��A�U%�!L�&�) �B+��"�6��-�A 2mJ � 4mJ ��`3~�����%-��2�3"4BA'Q 6 
��

 _����:	%��2 O 4+~���� } R,h?-�/BAY� \ &HX [ 
��*��$���	 >,?��,fP� � # _
��� � Klett’s �*� | h \1� ���"!�# y	$	% �'&)( '�*�$=L�&

[km]
5 5.2 5.4 5.6 5.8 6

[V
]

-0.05

-0.045

-0.04

-0.035

-0.03

-0.025

-0.02

-0.015

-0.01

-0.005

-0

[km]
5 5.2 5.4 5.6 5.8 6

[V
]

-0.05

-0.045

-0.04

-0.035

-0.03

-0.025

-0.02

-0.015

-0.01

-0.005

-0

$ 4.14: +�$;A LED ��# O _
,�$;A ( ) �B+�� +LED) ^Y��	�) �B+���^*�10�h \
# O �.-�L�&�����/?��� [km] _�<���/�^�F [V] 01-�L�&
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$ 4.15: ��� /�)8�;+
��� 	 �����C	�0��=��� [km] _�<���/B^6F [V] 0.-%LB& �
��$	/�) �'+;� 100 &6U � � ��� � H�I��#
1-%L�&
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$ 4.16: � ).��+
�%�'-Y`�� PMT �!M;N �?2 O 4 � ; \ $�0.-YL�&�����/�).�
+;���
	9�����
	�0��=��� [km] _�<���/ L(R) 01-�L�&
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5

��� /�G��6I��=J*��C�0�� [;\1� � � � Slope ��! Klett’s � ��� h
	�!�#%$=L
�B���2X�
�
�� ������� ��������f�� � =�0 \ &���
 �?�*��� ��� h�	�!�#�� \
-"/����6h�	�9 �=L�&

5.1
� � �  !

� 
"� ($# � 8*[;\ 3 � � ��� � "!$B&=1'_ PMT � >�a /�%�� 1700V
�'&)(

\ & LP
� )8�'+����+*�,�c.-0��S�� � _$/+0�/ mJ � $=L�& Elv

�2143 _ Azm
�

5 0 3 � � _6/�0 /�� � $!L & R /�G)��I7�!Jw��C1� 1div ��S (mV) � $!L�&K) �
+;��/ 1Hz R���0�_ 500 &,� (4# ��/78 10 U � (4# `�� A &�& L�&
(4# 3 � � � ) �'+;� J�9�:<;

'>=�f ( ?��A@ )

8 B 8
3

LP=4 _ Azm=0,Elv=20 _ R=2 200 fine

8 B 9
3

LP=1.25 _ Azm=(0,90,270) _ Elv=0 _ R=20 200 fine

LP=0.38 _ Azm=0 _ Elv=0 _ R=20 200

LP=0.38 _ Azm=0 _ Elv=0 _ R=320 200

LP=4 _ Azm=0 _ Elv=90 _ R=20 200

8 B 10
3

LP=0.38 _ Azm=0 _ Elv=0 _ R=20 500 fine clear

LP=0.38 _ Azm=(0,90,270) _ Elv=0 _ R=20 500

LP=4 _ Azm=90 _ Elv=90 _ R=20 500

8 B 11
3

LP=0.38 _ Azm=(0,90,270) _ Elv=0 _ R=20 500 fine

LP=4 _ Azm=90 _ Elv=90 _ R=2 500

LP=4 _ Azm=0 _ Elv=0 _ R=2 1100

8 B 12
3 C (�D4E
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(4# 3 � � � )$�'+;� J�9):<;
'>=�f ( ?$�A@ )

8 � 13
3

LP=0.38 _ Azm=(0,90,270) _ Elv=0 _ R=20 500 mostly cloudy

LP=4 _ Azm=90 _ Elv=90 _ R=2 500

LP=1.25 _ Azm=0 _ Elv=90 _ R=2 500

LP=1.25 _ Azm=0 _ Elv=90 _ R=20 500

LP=4 _ Azm=0 _ Elv=0 _ R=2 2000

LP=4 _ Azm=0 _ Elv=10 _ R=2 2000

8 � 14
3

LP=0.38 _ Azm=(0,90,270) _ Elv=0 _ R=20 500 mostly clear

LP=4 _ Azm=90 _ Elv=90 _ R=2 500

LP=4 _ Azm=0 _ Elv=0 _ R=2 2000

LP=4 _ Azm=0 _ Elv=10 _ R=20 2000

LED � #
8 � 15

3
LP=0.38 _ Azm=(0,90,270),Elv=0,R=20 500 fine

LP=4 _ Azm=90 _ Elv=90 _ R62 500

8 � 16
3

LP=0.38 _ Azm=(0,90,270) _ Elv=0 _ R=20 500 clear

LP=4 _ Azm=90 _ Elv=90 _ R=2 500

LP=4 _ Azm=0 _ Elv=(0,15,30,45,60,75,90) 1000

R=2

8 � 17
3

LP=0.38 _ Azm=(0,90,270) _ Elv=0 _ R=20 500 fine clear

LP=4 _ Azm=90 _ Elv=90 _ R=2 500

LP=4 _ Azm=90 _ Elv=90 _ R=2 5000

LP=4 _ Azm=0 _ Elv=0 _ R=2 5000

LP=0 _ Azm=90 _ Elv=90 _ R=2 100

LP=0 _ Azm=90 _ Elv=90 _ R=2 100 Meade ������ � V ( 	�� #
8 � 18 	 LP=0.38 _ Azm=(0,90,270) _ Elv=0 _ R=20 500 fine clear

LP=4 _ Azm=90 _ Elv=90 _ R=2 5000

LP=4 _ Azm=90 _ Elv=0 _ R=2 5000

LP=0 _ Azm=90 _ Elv=90 _ R=2 100

LP=0 _ Azm=90 _ Elv=90 _ R=2 100 Meade ������ � V ( 	�� #
8 � 19 	 LP=0.38 _ Azm=(0,90,270) _ Elv=0 _ R=20 500 cloudy

LP=4 _ Azm=90 _ Elv=90 _ R=2 500

LP=0.1 _ Azm=0 _ Elv=0 _ R=2 500

LP=(0.1,0.22,0.38,0.59) _ Azm=0 _ Elv=0 500

R=2
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� # 	 � � � �$���;� J�9):<;
'>=�f ( ?��4@ )

8 � 19 	 LP=4 _ Azm=90 _ Elv=90 _ R=2 5000

LP=0 _ Azm=90 _ Elv=90 _ R=2 200

LP=0 _ Azm=90 _ Elv=90 _ R=2 200 Meade � � �� � V ( 	�� #
8 � 20 	 C � D4E
8 � 21 	 LP=0.38 _ Azm=(0,90,270) _ Elv=0 _ R=20 500 cloudy

LP=4 _ Azm=90 _ Elv=90 _ R=2 500

LP=4 _ Azm=0 _ Elv=(0,5,10,15,20,25, 500

30,35,40,45,50,55,60,65,70,75,80,85,90)

R=2

LP=4 _ Azm=0 _ Elv=90 _ R=20 2000

8 � 22 	 LP=0.38 _ Azm=(0,90,270),Elv=0,R=20 500 fine

LP=4 _ Azm=90 _ Elv=90 _ R=2 500 10 U�� ���
LED

��� h \ � #
8 � 23 	 LP=0.38 _ Azm=(0,90,270) _ Elv=0 _ R=20 500 cloudy

LP=4 _ Azm=90 _ Elv=90 _ R=2 500

LP=0.38 _ Azm=0 _ Elv=0 _ R=20 5000

LED
��� h \ � #

8 � 24 	 LP=0.38 _ Azm=(0,90,270) _ Elv=0 _ R=20 500 fine clear

LP=4 _ Azm=90 _ Elv=90 _ R=2 500

LP=0.38 _ Azm=0 _ Elv=0 _ R=20 5000

LP=4 _ Azm=0 _ Elv=0 _ R=2 5000

LED
��� h \ � #

8 � 25 	 partly cloudy

LP=(0,0.1,0.38,0.82,1.38,2, ADC Pedestal � #
2.62,3.18,3.62,3.9,4)

LIDAR laser � FD trigger � ���	� � � #
8 � 26 	 LP=0.38 _ Azm=(0,90,270) _ Elv=0 _ R=20 500 fine

LP=4 _ Azm=90 _ Elv=90 _ R=2 500 10 U�� ���
LP=0.82 _ Azm=0 _ Elv=0 _ R=20

LP=4 _ Azm=0 _ Elv=0 _ R=20

8 � 27 	 FD ;�

�(� � #
8 � 28 	 LP=0.38 _ Azm=(0,90,270) _ Elv=0 _ R=20 500 mostly clear

LP=4 _ Azm=90 _ Elv=90 _ R=2 500

LP=4 _ Azm=90 _ Elv=90 _ R=2 1000 20 U�� ���
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� # 	 � � � �$���;� ��9):<;
'>=�f ( ?��4@ )

8 � 29 	 LP=0.38 _ Azm=(0,90,270) _ Elv=0 _ R=20 500 clear

LP=4 _ Azm=90 _ Elv=90 _ R=2 500 10 U�� ���
LED

��� h \ � #
8 � 30 	 LP=0.38 _ Azm=(0,90,270) _ Elv=0 _ R=20 500 cloudy

LP=4 _ Azm=90 _ Elv=90 _ R=2 500

LED
��� h \ � #

8 � 31 	 LP=0.38 _ Azm=(0,90,270),Elv=0,R=20 500 fine

LP=4 _ Azm=90 _ Elv=90 _ R=2 500

LP=4 _ Azm=0 _ Elv=20 _ R=2 500

LP=4 _ Azm=0 _ Elv=(0,10,20,30,40,50, 1000

60,70,80,90) _ R=2

LED
��� h \ � #

9 � 1 	 LP=0.38 _ Azm=(0,90,270) _ Elv=0 _ R=20 500 mostry clear

LP=4 _ Azm=90 _ Elv=90 _ R=2 500

LP=0.82 _ Azm90 _ Elv=90 _ R=20 500

LP=2 _ Azm=90 _ Elv=90 _ R=20 500

LP=4 _ Azm=90 _ Elv=90 _ R=20 500

�
5.1: 2006 ��� ��� [�\ � # � ����� � 6
	 � � ��� � ����� !�# ��
 � � \ �
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5.2
�  ! ��� � � ��� � � 	

������f ��
7�
��� ���6hA	 / 5.3 � 0�� ��h�!�# � � Z A;_M	=�����.� Slope

���2X����)/���!�# 0+��� ��f4A 	 `"�����7	�� ���! 2� �#" �
$ � & �&% C �
	1;'� �

��4�>��� � �#"4C ��/ 	 � ���!���!(?�C�*)B� � ��������(���� 2 +, � �-�
. � � # � �-�/.1032 ( � � ����=
465 shot 735 1A3 5 5 3 �8� )

� �
5.2

�19 $ �
] 	 �#" �
�#:�	

] 1( % 	 ) ;-< �*=�H 5 <�� �8���
�$=>4 0.5mJ 0 500 &
) � ��" �
�?:�	

] 2(8 � 26 	 ) @�A 5 <$� �8���;��=/4 4.0mJ 0 500 & ( BBA�5#: 	 )

] 3(8 � 28 	 ) @�A 5 <�� � ���;��=>4 4.0mJ 0 1000 & ( B ADC�: 	 )

�
5.2: 
4��������E 	*) ��"

��E C �?F&�?G�� Slope H �JI$� �K5 � � & 	 �M	6��.�� ����7�L � <DM�� � Slope

H �*I ��$ ��	�0�E>N3OQPD��F���GSRDTUE 5 H�/ 5.3 V �
W $ �X � 	 �3" E1Y�Z � 9 $ ��[ 5.1 / 	]\ " ]1 E�0D210 ���>. � # Y�Z.0	-3� � 	
\ " � �^ 3_
��/�% � C �Q)?` �*a :D)?`>b 0 � # ��. �+% 	c5�;'< �S=�H 5 <
� �8� ���$=>4 0.5mJ 0 500 dDef�6.�F[�gG6E !�#�YDZ 0 -?���h8i )�`�b�� � # ��.�F<��G�0'(j5�k 	jl .7�Dm?n378E>L�/#o3E 	��!���7	6p �
01-?� �#q Xsr � # $ ��_utuE�0#2 ( ?�v�53w4�35A�3x�53B�E�y�z @ ) { � �}|1.
.D~'_S�3� 	Jl ���
�'�1�#���'�
� ED)?`
\ "f�S� ~g����)�`
\ "'��� ~����#��( 	�\ " E�)�_ h
p �1� ��F��gG � Slope H � I�� |�5UoQ��� 	�� X �6.��Dm�nD7#L ��� M����
@�A>�U< (

�
5.2 ]2 E�F���G )

�
Laser �>4 4.0mJ � 500 d�e��6.6F��gG
� 	 k�.

�Dm�n373L�E�)?`�\ "'� [ 5.2
� 9 $ �

[ 5.2 E�Y�Z �S� �Q_K�D���/��� 	 100 �-��. r*X �?�1\ " { � t
:�{u5?o lQ�j ¡�¢ � 	 �Dm�nD7#L�E>£-¤/q-tu�>¥ X � ¢ :g��� 8 ¦ 26 §&� � � � �u�}| ¢ $©¨
�>B�{�y«ª � �UE
¬g­ r � aQ® ª � q l B!{DC^ªj��� ¢ :���. �!o l {6�3m#n37
L � £U¤uq3��¯�5 100 ��° ���
£-¤/qUt1{�¥ X �u.>±�²��g�D��:���_*�3� 	Jl ���
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[ 5.1: =����8�/F���G � �6����m#n�7UE-§�\ " E�[ �����U���3� � �/�}| ¢ � 	�   |1.'§K735�	����
�Dm3n37�L [km−1] ��
?�
���������8���;� � 500 dDes�u.
F[��G � 4 ��� |�5�o l��/l � q�: ¢ ��m3n�7 �*� ~
5 4 q?E1��m3n�7�E��������
_�|�.���� ��§�� 2006 ! 8 ¦ 9 § �#" � $%$ �

[ 5.2: @UA��8�/F���G �'& $ ��m#n�7UE�)#`�\�(�������� � � � �6� | ¢ �*)&E�   )�` (min) 5�	����
�Dm�n37�L [km−1] ��
 $ �
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@-A/��< ( � 5.2 ]3 E�F���G )
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5.3 Mie
� � � � ��� � � 	�
 � 
 � � �

5.3.1 �������������
���! #"%$ �'&6� )ck ) l $#( ��) �+*-, � $ �/. � & r + Slope 021 Klett’s

0 �43 � � $5( �/) �76 $ �98-:�; � �
+ ���< #"=$ �!&9> ( �') ( ����{.�@?
+
	��!{9A#��m!B@C ) � ) � �Q{9D-E�+�	 �Q{9A��#m<B@C × D!EF> 2 G (X(R)) >( �/) �76!H � $ � ( �/)#> *I, >>�-0U�6°'J!> & � � | � �LKM.3| ¢ �8���
�� ���-�

500 dDe � � ��� � 
<N $ �

1.
�/�- 5"�$ �<& � � � ����� 1 d@O3q@>PAD�3mIBIC�>PQ9R ( �')�{#S9Tsz l$ � �/�- 5"�$ �!&/�*)VU3k�| � 500 d�o l��/l > ( �2) �7W<X >PAD��mIB
C � & � ¢ PMT Y �4Z � $\[ ?7]_^=>7`_a �cb ª&� � ~ �7dLe �cf � �hg_>
A�+9i ( " )7j � �Lk�� $ �Li ( " )7j/>��D�9l�m�� � �����Pn�� � � 0sec

.�| ¢ + [-20µsec + -10µsec] o��p.�| ¢ +Q�+>+l'm��@>��_q-r � i ( " )7j_r
.,� $ �

2. 500 nFg#s � s'> ( ��)
� )ci ( " )Pj �9t * ¢_uwv �@N $ � 500 � ��� ¢
�Lq�� $ �8�cs�� 	������ � �pxUª � $7y ��+s�zs ��&�{ 1 |@> ( �2)h} 6H x+s $ �

3. 2 �#~ H v � ( ��) � � * ¢ +���� � c/2
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	��%>+C-� P[V] �hDIE [km] >P�<G � � � ¢ X(R) = P · R2 �+�<� � $ �
4. �D� ( �2)�> 	��9� � � �<N $ �9� � ( �@) ( ��� ) >5�#�.� $ 5 �=>#�_q��
U $ �s�7s�� & � ¢ ���F> ( �')6� 500n �%� �L��.$) $ �

5. Slope 0��#�!�4s'�7� "F�$"�� Fitting
v + Fit

v � �3"�>Pr?�*) α � � � $ �
6. Klett’s 0g�?��+_� (3.23) � � * ¢ X(R) >��-��� f � ¢ α(R) � � � $ �'�
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W/X >
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5.3.2 Slope ���������
	�� 
 �����������
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0.11 ± 0.01

8 t 10
�
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�
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�
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5.3.3 Klett’s ������������� 
����	�����m�
U V�
 �
����� 7�� ,-8 2 9�� ��� g α 0���� 9 Q��", Klett’s � 0���f4.����� ( �<�"!�0�Z ]2@ 9 0 Klett’s ��D 3 #w+%$'&97*Q)(�* ,*\%+-, oJp-0/.:!.,�0
ON[ 2�132C[ l/[Cf 054 � ,-8 2 9�6�7 .98 ( 7�f 7�: ) ,=8Nf�;=\�` q Rayleigh
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[km] \�(  D*)%8 � !�+ , � !"# $ W ��%�'�� 2 / 0'O�2WQ�K � X(R)[V·km2]
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O � �&�R! � U37X8wD 5.1 Y ,�Z 7/;:H[M?\%]RW �)� l^13MNB���� � U � E �GF���'_ ��` 4.0mJ WNH 8baAc � L-��U�d�M�E �GF��fe[gGhQi��
jRW�k%l�jRW9m[MNB 4

#"WH&RnRo3(R* ,"O � E �HF�� _ :[W9` PMT
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5.3.4 US ������� �	� 
��
������� ����������� �
US ���%l � 0��Rz%o Klett’s � 0 2006 � 8 ! 16 D�,>E �GF<��0 �3� 4 �G8)I�,
E �NF(�5U�V 4mJ WNJ[~�oH���%!&,9���5�RM ( � 5.9) B +5,7!�"9` α(Rc=10km)=0.021 {
X(Rc)=XFit(Rc=10km)=0.012 0N�Rz[o�B�u � =����[� 5.12 W9m9MHB

� 5.12 " =$# : 0.5km � 2km
$ W � � �[�<� �����3
 1[;"z[��z $"$ � � Wf{

 �RD*,H�>�'8�I ,TE.�5F5�RU'V 0&%3z&')( (0.5mJ) W5J�~'o%����!"0
L"� 7 {# : 0.5km ��* 2km
� ���"! #-0?|)+[��M"O = ,���M
B9���3! � |,+�8��S`H{3�

5.12
�-# : 1.97km

� # � � �-���
α = 0.051 0�L[�[�)M
B�O �#��� Rc=1.97km {

α(Rc) = 0.051 { X(Rc) = 0.0013 0�+[,�!<" = 7�; Klett’s � ,/�"�R�QM�O = Wf{
0km .��9� 2km

$ W � �[�R!0/�021
3 � |4+ 0?@ * B9u � =����[� 5.13 W-mRMNB

Height from land surface [km]
0 2 4 6 8 10

al
p

h
a

-310

-210

-110

1

� 5.12: Klett’s �[B �� `>)�P3��
 �5# � [km] { (  ` � �[���
[km−1] W"m9M
B6 { 7[s�` Rayleigh

� ! � 8 sRWRm9M
B

� 5.13
� � �9��� 0�� 7 7�;f{%l,� 
 � Rayleigh

=
Mie

� !.,)(fM + �09;:4<
0
���RMNB 7/� 7X{R� 5.13

� $�$ W9` 0km .#�9� 0.5km ,'�[�R! # �9��z-o%�
l
� �=9�:�< 0����[MRO = �RU�d)��zGB%u3O�W�{)O ��� 0 4 � 6 � W | � �3MNB 0km=

0.5km
� ���3! 2 # 0 4 � 6 � W Fitting 0�@>~fo�=����9� 5.14 W3mRM
B�O�1

,3( 8 l;� ,3(fM + �59�:;< 0
�S�RM"O = �3UNd>M
B

71



Height from land surface [km]
0 2 4 6 8 10

al
p

h
a

-310

-210

-110

1

� 5.13: Klett’s � ,3(�~G;���
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� 5.14: US ����l;� 0
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o � �-�#��� ���H8QI 7�� B �� `/)%P)� 
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[km] { (  ` � �-��� j [km−1] WRmRM
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5.3.5 ����� �����	� � ���	��� 
 � ����� � � � �	� ����� �
� �

3 #�
'� 3.12 W/�3��o��������41 �5�(�-! 0 L�� 7?o Rayleigh
��� 
 8 s 0/�[z

; Klett’s � 0?@ *CB Klett’s �.0?@ *��[�R! ` 5.3 #"W L-� 7No'�[�R!
W9m[M 2006�
8 ! 16 D�,��)�H8�I�,>E �GF<�-UHV 4.0mJ( �[�R!/| � 
%o��# H8�I�,�E �GF��

UHV 0.5mJ WTE �GF<��0 � U37No �[�[![K ) W9m[M�BN+�,#!�"�` X(Rc)=10km W {
α(Rc) = 0.022 { X(Rc) = 0.012 O�
 ��=  �^x%y 0�@ * = {)� 5.15 
)()*�,��3~
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� 5.15: ������� 1��%���R!�0�L-� 7
o Klett’s �����)�'B� �!Q`�)�P"��
"
 # �
[km] {$#%!�` �%& ��� j [km−1] W"m9MNB�'�s�`(�%�)�*�)1����[�"!�+?L9�-,?;7�
�-o Rayleigh

& � 
 8 s"WRmRMNB
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5.3.6 �����������	� ��� �

 
 9�:;< +
���"M5o���

{�� (3.3) +���t ,
o�����
�� +�L�� ,?;����RMHB

I = I0 exp
(

−
∑

αixi

)

(5.1)

� ����� 
 ��� ` xi − xi−1=0.075km WRm�� xi = 0.075 { αi +
� (5.1) 
�,�-R�)M
O = W 
 
 9 :;< +���� 
���M
B
�! { US ���%l;�#" � h +$�Rz-o ��� +&%('RM ( � 5.14) B Rayleigh

& � 
#)'M
 
 9;: < +
� (5.1) +�L�~!*7���RM!+ Rayleigh
& � 
,)fM 
 
 9 :;< `G{

I = I0 × 0.68

6-
N{ Rayleigh
& �/.

Mie
& � 
#)'M 
 
 9�: < +4� (5.1) +?L�~0*��1�9M0+ 
 
9 :;< `
{

I = I0 × 0.66. �3~fo&+
Rayleigh

& � 
32"��M Mie
& � 
34 � +5%6'"M87�
7+[z�* HiRes 9�h;��:8;<�Rz

*[z#= Vertical Aerosol Optical Depth( ��� VAOD) +?>��-��=3+ VAOD `H{
V AOD = (αexp − αRay) ∗ l (5.2)

. ��=0+ 6 { αexp `0@�A ��B �H� 
 ��� ,No!C &(D � { αRay E Rayleigh
& � 
3C&6D � { l E0FHG�I(J,K m�=3+ US � �%l4� +0�"z[o ��� 
 VAOD E {

V AOD = 0.036 ± 0.014

3.6 ± 1.4%
. ��=3+HL�M E ��� 
N)NO$
�,P*7���6QR+

1. 0km � 0.5km 
 � 
 ��B �/| � E0S �UT'� +?>�~3*8V�W(��*-z#=&;'{ S �XT� +�>�W  
$Y;� 
 9�: ;5ZHY-
5��=�)#O�
 ��B �%+?| � ,0Q ���[. {&\U

Y;� 
 9�: ;5Z(]�
5��=�),O�
 ��B �%+/| � ,P*6^�=0+&Y ��;5ZHY-
5��=�)
O?� �,B ��
G| � 
&_6` E {HC &�D � ; 0km )��*
!a,; 0.5km

� K  ��a

 � K�b =0+RY;� 
 9�: < ;5Z(]-
5��= ��B ��
G| � 
!_H` E { 0.5km 
3c

!C &(D � ; 0km � 0.5km 
 � K  ���a�
 � K�b =!+
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2. S �XT'� K�� � ,&Q ����� Y;� 
 9;:4< ;RZ6YX
���=#)1O?
 � � ,3Q �<���
Y;� 
 9�: < ;5Z(]�
5�6=�),O�
 � � ,$Q ��� 
0Y;� 
3C &(D � +��5���&�
��� � �
	N��
 V AOD

�
V AODmax

�
V AODmin + � � �1=3+

3. 7�� K ����Q 3 . 
 VAOD � 
 L�M +
�-��=0+HL�M Error E �
Error =

√

(V AOD − V AODmax)2 + (V AOD − V AODmin)2

. ,&Q5+ US �;��Y4�N" ��
 +0>�� ,&Q �<� 
3Y,�X
,)<= 
 
 9;:4<�. VAOD ;
� ��� Q&+
6-
��%�����)1 � +$���6Q ��� +&%('�= ( � 5.15) + US ���HY;�#" ��
 +$���6Q ��/.  �� 
���� +��N= .�� �$�)� �)1 � +$����Q�����
 Rayleigh

& � 
N)8=?Y4�

 9 :4< E �

IRad = I0 × 0.69� 
 � Rayleigh
& � .

Mie
& � 
#)<= 
 
 9 :4< E �

IRad = I0 × 0.65

.! � Q&+
VAOD a E �

V AOD ' 0.058 ± 0.013

.! � � 5.8 ± 1.3%
.! =3+

	?� E US � �HY4� K#" �6Q3a . E#$�% ,  �8+&	�
��&' E � US � �6Y;�," �
 . ������� 1 �(��B � 
�(�) 0km 
�*�+�=!,�- 
/.0��1325476P*���=�8�
 . %
'92 ��=!+������ � 1 � 
 ��B � E @0:�
3Y�; 
<;�=?>@��
BA 
�,�- K�b � � �
�)����C �6��B � K#" �(Q 
 
/DBEBF . Rayleigh

& � 
02?�1= Mie
& � 
<G�F 


`#;�H ,!� .JI�K ��=3+

5.3.7 L7M9N OQPSRTRQUWVYX@ZQ[ \?] Klett’s ^`_T[ ( a 20 b )

c�d#egf C �6�#B �$+0>�� ,&Q Klett’s h +!i�jlk
m&Q/n 20 oqpSr/sgt5`gu�
v B#w1B�x�y#
gz<B
4.0mJ K�{ � Q �#B �<
}|#�3m�*�^,=3+
~ � v B#w1B k!s@t
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`Su�
 0.5mJ K�{ � Q ��B � E 2006 � 8 � 16 oBm 1  ��Q6� � �#B � ��� r6Q
��
 S�� T ��E 0km � 2km r ��K Fittinng k?V � *���=3+(����
���	@r�

�&k )� m0Q
8<r?k����R+
� B�� r��������(*��  � o E i�j k�V�W  1 � Qgo K�b =3+
��	 m!Q���k�� 5.16 ��� 5.20

� �7m�*�*�� +
) 5.4 k�� = .��� "! 4Sr&o ; Rayleigh #�$gr�%'& � � B(� ;*) �,+ �#=�-&	
� E � Mie #.$&k0/ 	!�214365  �7 x(8�9 f 
;:'< - 6 � 10km

��=�>�?  �65 �
O�	�5#k��7m + � 7 5�@�Al2B� 7 -

iBjYo VAOD a Rayleigh C
D�CFE
8 � 9 o 8.6% ± 14.1% G
8 � 10 o 13.9% ± 15.4% G Mie #�$Sr�H��JI;K
8 � 11 o 9.8% ± 13.4% G
8 � 12 o
8 � 13 o 13.0% ± 10.2% G Mie #�$Sr�H��JI;K
8 � 14 o 20.4% ± 10.7% G #�$.L bNM
8 � 15 o -2.3% ± 11.7% O
8 � 16 o 7.7% ± 7.2% G
8 � 17 o 8.3% ± 6.3% G
8 � 18 o 13.5% ± 18.4% G Mie #�$Sr�H��JI;K
8 � 19 o 16.5% ± 13.0% G Mie #�$Sr�H��JI;K
8 � 20 o
8 � 21 o 26.6% ± 6.4% G #�$.L bNM
8 � 22 o 55.3% ± 0.4% O #�$.L bNM
8 � 23 o 7.1% ± 6.1% O
8 � 24 o 14.7% ± 7.1% G Mie #�$Sr�H��JI;K
8 � 25 o
8 � 26 o 13.4% ± 9.3% G Mie #�$Sr�H��JI;K
8 � 27 o
8 � 28 o 8.3% ± 8.9% G
8 � 29 o 8.8% ± 8.1% G
8 � 30 o 5.1% ± 10.8% O #�$.L bNM
8 � 31 o 16.3% ± 11.0% G #�$.L bNM
9 � 1 o 8.6% ± 12.4% G

) 5.4: n 20 o � Klett’s hlk |�P�- Rayleigh 5 = < - 6 � 10km Q Rayleigh #.$r�%�& � ��R �,: ) �,+ � 7 10k8^�S08<r2Q b 7 -
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Klett’s
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�
5.16: ��� � : 2006 � 8 � 9 o������ � : 2006 � 8 � 10 o�����	 � : 2006 �

8 � 11 o ���!	 � : 2006 � 8 � 13 o!r�

� Q#" 7 -%$�& = (B)�192 r < � [km] �' & =�( #*) �*+ [km−1] Q," 7 -�-�& = Rayleigh #�$Sr�%,&(Q," 7 -
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Klett’s
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�
5.17: ��� � : 2006 � 8 � 14 o�� �!� � : 2006 � 8 � 15 o�����	 � : 2006 �

8 � 16 o ���!	 � : 2006 � 8 � 17 o!r�

� Q#" 7 -%$�& = (B)�192 r < � [km] �' & =�( #*) �*+ [km−1] Q," 7 -�-�& = Rayleigh #�$Sr�%,&(Q," 7 -

78



Klett’s
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�
5.18: ��� � : 2006 � 8 � 18 o�� �!� � : 2006 � 8 � 19 o�����	 � : 2006 �

8 � 21 o ���!	 � : 2006 � 8 � 22 o!r�

� Q#" 7 -%$�& = (B)�192 r < � [km] �' & =�( #*) �*+ [km−1] Q," 7 -�-�& = Rayleigh #�$Sr�%,&(Q," 7 -
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Klett’s
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5.19: ��� � : 2006 � 8 � 23 o�� �!� � : 2006 � 8 � 24 o�����	 � : 2006 �

8 � 26 o ���!	 � : 2006 � 8 � 28 o!r�

� Q#" 7 -%$�& = (B)�192 r < � [km] �' & =�( #*) �*+ [km−1] Q," 7 -�-�& = Rayleigh #�$Sr�%,&(Q," 7 -
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Klett’s
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5.20: ��� � : 2006 � 8 � 29 o�� �!� � : 2006 � 8 � 30 o�����	 � : 2006 �

8 � 31 o�����	 � : 2006 � 9 � 1 o!r,
��(Q#" 7 - $ & = (�)�192!r < � [km] �' & =�( #*) �*+ [km−1] Q," 7 -�-�& = Rayleigh #�$Sr�%,&(Q," 7 -
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� �

����� r�
���5�m + ��s@t	�0u � *�+ 7�
 ;0r�D�E�F�> VAOD k " K 7
� 5 :��� S'-
��� Q�r�������5�m + � 
 ;@r/DBEBF�> VAOD k " K 7 � � *�� + ������132
r	����#�$�� : I! #" 7 S�K � PMT r%$'&�F :�( &�)�*9k,+.- + m �0/�� 5 :1�2 2B� 7 - � � �43 M ������5?p@r �(R ��: ��P ���76 ��S.K �8�
��5�pgr (
# ) � :	9 K 2 � 6 ��r : �:� Q#"�-�S�-�; � Q � � r2�;R � k�< �!= 7 S
K � 4> r�?�h k�P@��S -A >CB �

LED k�P4� S PMT r	$'&�F r�&�D�*�i�j �'3 M � <
E 2km �GF
r
�;R � �:H m + r:<�H ) � k 9 K%�G;�r:<�H ) � k P
� + ��R � k�<�H m�S�- 2

>
B �

2 IKJ@r v R w R x�y!L@z R?k�� /M� 5 ( ��� k0� 7 S
K � � v R w R � �@kN � �!O�� k � 7 S
K � v R w R � �@k,I �<m�S )
�@3 M � v R w R � �Sk N �QP� m,S ��R � kR�G��5�p@r%< � � R � 5Bm + v R w R � �Sk'I��SP � m,S*� R �� �.P9m�S�- 3

>TB �:U�V �@u � P � m�S2�;R � � Slope hgk |;P9m + 9 K�S ( #
) � k �Bs@t	�Su < � 0km W�� �YX@Z 7 ( #*) � 5�m + P@�;S - 4

>.B � � � �[ r%?�h k ��P m�SM� � ��< �%\�] � + � 6 � <�E 0km � 0.5km r�5?p ��^ �0_
� k Fit = 7
� 5 �@3 M �;R � k�< � m�S,- � r 4

> r:?�h k�� /M� 5 �@3 M �#s
t	�@u �!X@Z 7,
�` r%a�E�F&k 9 K 7@� 5 :!bdc � 6 -2S�-

e vgf@h RKi 8 vkj�l�m = 
8`�n ��h0k0P�� + � 7 r Q 
Y` r,a�oYp�q VAOD kr�7�� 5 = (Ks �,tYu Q*" 7 -wv �Y� Q = s�t��
u �MX�Z 7x
�` r:aYoKp�q VAOD

k 9 K [ �(S�y Z y : � 
�` r	a�o�pSr 3 z
{�p�| k 9 K 7 S.K�r 
~}!6Y�8� �6 -2S 5 @.A 7 -
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z � ��� � r�S�K � @�A [ � 7���� � k 172 7 -

1. ��R � ��	 � > � +��� ��P&m + � 7 Klett’s 	 = <KE ��
 [
� k=1 5�� + PG� + � 7 - �������� �43 M 6km
3 M�� ��� 6 [�� Rayleigh #.$ :���� Q#" 7@� 5 :�� M k=1

5�� + ��� � � 5 :�� 7 -��! "� <�E;: 6km
3 M#��$ �&%�' � Mie #�$ � H

� : � + � 7 S�K k=1
������(�) = 7�� Q = 6 � � k *�+, -� 6 : [ (�) *

� /M� 5 :�. u Q#" 7 5 @�A 7 - � S � <�E 0km / 0.5km
��0���1 R,2 �#34 ��	"* @�A 7@� 5 � . u Q," 7&5

2. 64R87:9<; 8�= > �?>
6JR@7:9&; 8 ����� � 5<�!> �#ACB �EDGF R EIHKJ�@�A [
LNM 5 ��� � PMTOKP �RQNSKT f h RGi �VU0R�W4RR* DXF R8YZH = M �,[ � � S�\�] LAN

�
^K_ =a`�b�c �&d�J � LIDAR 7fe�gih
jk* D:F e8YZH = M �l[ =�`�b�c �
>�� 6 � 5 lGm�m�n J�oap 6 d�q�r DXF e8YsH-*ut /!��[ `�.avRw " M 5
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