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Abstract

Neutrino physics is the frontier of particle physics, astrophysics and cosmology. The
neutrino mixing angle � 13 is one of the fundamental parameters of the neutrino physics. The
magnitude of � 13 will decide the future direction of the neutrino physics. The Daya Bay
neutrino experiment is proposed to measure the parameter� 13 precisely using the reactor
power plant group at Daya Bay, which is located in Shenzhen, Guangdong Province. To reach
the sensitivity of 0.01 for sin2(2� 13) measurement, one has to study the backgrounds of the
experiment in details, to optimize the design of the detector, to manufacture the prototype of
the detector, and to test its performance. This thesis is mainly work on the water Cerenkov
detector and tank prototype experiment.

The Daya Bay experiment is a low background experiment.The veto systems with e�ective
e�ciency > 99.5%, play very important role. This thesis is worked on thedesign and opti-
mization the water Cerenkov veto detector. The �nal design is a octagonal water Cerenkov
detector with double layer structure which e�ective e�cien cy can reach 99.9%. The criterion
for the detector is the water absorption length should > 30 meters and the tyvek re
ectivity
should > 80% from the simulation results. To do the detector study, wedesign and construct
prototype tank based on the Daya Bay pool. Based on the detector study, we construct a
practical model try to estimate the water resistivity of the pool in �nal, which can be used for
large water Cerenkov detector. The prototype measurement shows that the tyvek re
ectivity
can reach 99% and water absorption length can achieve 140m from the cosmic muon waveform
study. It veri�es that the Daya Bay experiment's criterion i s practical. From the consistence
between the cosmic muon data and MC results, the reliability and e�ectiveness of the wa-
ter Cerenkov detector simulation software is veri�ed. The construction and test of the tank
prototype can provide the technique and experience for the construction of Daya Bay water
Cerenkov detector.

Key words : neutrino, Daya Bay reactor neutrino experiment, water Cerenkov detector,

tyvek, e�ciency, absorption length, re
ectiviy,resistiv ity.
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111 1 ÙÙÙ ¥¥¥ ‡‡‡ fff ††† ¥¥¥ ‡‡‡ fff ¢¢¢ ��� VVV ¹¹¹

1.1 ÚÚÚ óóó

¥¥¥ ‡‡‡ ff f ÔÔÔ nnn ´´ ´ �� � 888 âââ ff f ÔÔÔ nnn !! ! UUUNNN ÔÔÔ nnn †††‰‰‰»»» ÆÆÆ��� �� � �� � ccc ÷÷÷ ††† ¢¢¢ ��� ïïï ÄÄÄ �� � 999

:: : §§§ ²² ² LLL ÔÔÔ nnn ÆÆÆ[[ [ õõõ ccc �� � ããã ååå §§§ 333 •• • CCC ˜˜ ˜ 

 
 ccc ppp �� � �� � 

 
 ããã ŒŒŒ��� âââ »»» """ ¥¥¥ ‡‡‡ ff f ÔÔÔ nnn

�� � {{ { ¤¤¤ ŒŒŒ±±± JJJ ˆˆ ˆ �� � � PPP CCC �� � ÿÿÿ þþþ §§§ 1914ccc uuu yyy �� � � PPP CCC ëëë YYY UUU ÌÌ Ì yyy–– – §§§ ¦¦ ¦ �� � <<< ‚‚ ‚ ééé

uuu UUU þþþ ÅÅÅ ððð ½½½ ÆÆÆ�� � )) ) ~~~ ¦¦ ¦ "" " •• • 

 
 )) )ûû û ùùù ‡‡‡ ¯¯ ¯ KKK ÚÚÚ � PPP CCC �� � ggg ^^^ ÚÚÚ OOO ¯¯ ¯ KKK §§§ �� � || | (W.

Pauli)333 1930ccc JJJ ÑÑÑ ˜˜ ˜ ‡‡‡ bbb `` ` §§§ @@@•• • � PPP CCC ¬¬¬ ºº º ˜˜ ˜ ˜˜ ˜ ««« >>> ¥¥¥ 555 �� � ¤¤¤ ’’ ’ ff f §§§ ùùù ««« âââ ff f ddd

uuu ŸŸŸ þþþ ééé �� � 

 
 ………ƒƒƒ ppp ŠŠŠ ^^^ ééé ff f 

 
 vvv kkk �� � ¢¢¢ �� � ** * ÿÿÿ �� � [1]"" " ¤¤¤ ’’ ’·· ·¶¶ ¶ ùùù «««¥¥ ¥ 555 âââ ff f •• • ¥¥¥

‡‡‡ ff f §§§ ¿¿¿ •• • ÑÑÑ §§§ ŒŒŒUUU ´´ ´ vvv kkk ŸŸŸ þþþ ��� [2]"" " ‘‘ ‘ XXX ¤¤¤ ’’ ’ ff f ƒƒƒ ppp ŠŠŠ ^^^ nnn ØØØ �� � ïï ï ááá [3]ÚÚÚ âââ ff f

ÔÔÔ nnn ¢¢¢ �� � �� � uuu ÐÐÐ §§§ <<< ‚‚ ‚ ééé ¥¥¥ ‡‡‡ ff f ÚÚÚ ff f ƒƒƒ ppp uuu ^̂̂ �� � @@@£££ •• • \\\ �� � �� � \\\ 

 
 [4]"" "

1956ccc §§§ 444 ÏÏ Ï ddd (F. Reines)ÚÚÚ •• • �� � (C. Cowan) [5]�� � ¤¤¤ 

 
 111 ˜˜ ˜ ‡‡‡ ØØØ ‡‡‡ AAA æææ ¥¥¥ ‡‡‡ ff f ¢¢¢

�� � ¿¿¿ ¤¤¤ õõõ �� � ** * ÿÿÿ �� � ‡‡‡ >>> ff f ¥¥¥ ‡‡‡ ff f §§§ ÓÓÓ ccc §§§ ooo �� � �� � ÚÚÚ 

 
 �� � www ßßßÿ ÿÿ ff f ƒƒƒ ppp ŠŠŠ ^^^ ¥¥¥ ‰‰‰¡¡¡

ØØØ ÅÅÅ ððð [6]§§§ ¿¿¿ •• • ¢¢¢ �� � yyy ¢¢¢ [7]"" " ùùù ¤¤¤ •• • ‘‘ ‘ �� � ïï ï ááá £££ ããã ff f ƒƒƒ ppp ŠŠŠ ^̂̂ �� � V-A nnn ØØØ [8]ÚÚÚ £££

ããã ¥¥¥ ‡‡‡ ff f �� � �� �©© © þþþ [9]�� � nnn ØØØ ÄÄÄ :: : "" " ¥¥¥ ‡‡‡ ff f 333 �� �©© © þþþnn n ØØØ ¥¥¥ �� � @@@•• • ´́́ ÃÃÃ ŸŸŸ þþþ �� � ���

©©© þþþ ^^^ þþþââ â ff f §§§ äää kkk ÃÃÃ ��� 555 §§§ ùùù ˜˜ ˜ ::: �� � 1958ccc �� � ¥¥¥ ‡‡‡ fff 444 zzz ¢¢¢ �� � yyy ¢¢¢ [10]"" " ff f ƒƒƒ

ppp ŠŠŠ ^^^ nnn ØØØ uuu ÐÐÐ �� � ppp §§§ 


 ´´ ´ Glashow-Weinberg-Salam�� � II I OOO �� � .. . [11]§§§ II I OOO �� � .. . ïï ï ááá

333 SU(2)L � U(1)Y ééé ¡¡ ¡ 555 �� � ÄÄÄ :: : þþþ §§§ ††† ÃÃÃ �� � ”” ” ff f ééé ÚÚÚ §§§ŽŽ Ž ééé ©©© OOO ��� ¤¤¤ SU(2)L �� � ­­ ­

�� � "" " II I OOO �� � .. . ÚÚÚ ??? 

 
 HiggsÅÅÅ ›› › [12]§§§ DDD 444 ff f ƒƒƒ ppp ŠŠŠ ^^^ �� � 555 ‰‰‰ÀÀÀ ÚÚÚ ff f 333 555 ‰‰‰ééé ¡¡¡ 555 ééé

¡¡ ¡ ggg uuu »»» "" " �� �¼¼¼ �� � ŸŸŸ þþþ §§§ ¤¤¤ ’’ ’ ff f KKK ÏÏ Ï LLL Yukawaƒƒƒ ppp ŠŠŠ ^^^ ¼¼¼ �� � ŸŸŸ þþþ "" " II I OOO �� � .. . �� � ¥¥¥ ‡‡‡

ff f •• • kkk ††† ÃÃÃ �� � §§§ ´´ ´ "" " ŸŸŸ þþþââ â ff f "" " II I OOO �� � .. . ØØØ === 333 nnn ØØØ þþþ ´´ ´ ŒŒŒ­­ ­� �� �� � [13]§§§ 

 
 ………333 ¢¢¢

�� � þþþ •• • �� � yyy ¢¢¢ [14]"" " ‘‘ ‘ XXX � ”” ” ff f [15]§§§ b§§§ŽŽ Ž [16]§§§ ÚÚÚ t§§§ŽŽ Ž [17]�� � ƒƒƒ UUU uuu yyy §§§ II I OOO �� � .. .

�� � ¤¤¤ ’’ ’ ff f ““ “ êêê ½½½ •• • nnn ““ “ [18]"" "

îî î 888 •• • ŽŽŽ §§§ ØØØ 

 
 ¥¥¥ ‡‡‡ fff ��� ��� yyy–– – ±±± 			 §§§ „„ „ vvv kkk ÙÙÙ §§§ �� � ¢¢¢ �� � ((( JJJ --- <<< &&& ÑÑÑ ///

     ll l II I OOO �� � .. . �� � ýýý óóó "" " 333 nnn ØØØ •• • ¡¡ ¡ §§§ Pontecorvo333 1957ccc ÇÇÇ kkk JJJ ÑÑÑ ¥¥¥ ‡‡‡ ff f �� � �� ��� � VVV

ggg §§§ ¦¦ ¦ �� � žžž bbb �� � �� � ´́́ � e ÚÚÚ �� eƒƒƒ mmm �� � �� � �� � [19]"" " 1962ccc Maki§§§ NakagawaÚÚÚ Sakata [20]�� �

<<< 333 üüü ‡‡‡ ŸŸŸ þþþ �� � �� � �� � ·· · ÜÜÜ ��� ÄÄÄ :: : þþþ §§§ JJJ ÑÑÑ � eÚÚÚ � � ƒƒƒ üüü ““ “ ¥¥¥ ‡‡‡ ff f ›› › ··· ÜÜÜ �� � VVV ggg §§§ ¿¿¿
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2 111 1 ÙÙÙ ¥¥¥ ‡‡‡ fff ††† ¥¥¥ ‡‡‡ fff ¢¢¢ ��� VVV ¹¹¹

ddd Pontecorvo�� � <<< uuu ÐÐÐ ¤¤¤ •• • üüü ““ “ ¥¥¥ ‡‡‡ ff f ›› › === zzz �� � nnn ØØØ [21]"" " 333 ¢¢¢ �� � •• • ¡¡ ¡ §§§ •• • kkk ** * ÿÿÿ

�� � ¥¥¥ ‡‡‡ ff f �� � �� ��� � ŒŒŒ‚‚ ‚ yyy âââ ´´ ´ ŒŒŒííí ¥¥¥ ‡‡‡ fff ¢¢¢ ��� "" " Super-Kamiokande(SK)¢¢¢ �� � [22]�� � ppp

°° ° ÝÝÝ ÿÿÿ þþþ JJJ øøø 

 
 ††† •• • ÄÄÄ ‚‚ ‚ K2K ¢¢¢ �� � [23]ÚÚÚ MINOS¢¢¢ �� � [24]ÿÿÿ þþþ (( ( JJJ ƒƒƒ ˜˜ ˜ ———�� � °° ° (( ( ŒŒŒ

íí í ¥¥¥ ‡‡‡ ff f �� � �� � ëëë êêê """ Homestake¢¢¢ �� � uuu yyy ��� ��� ��� ¥¥¥ ‡‡‡ fff ‡‡‡ ~~~ [25]§§§ ®®® ²² ² 333 ¥¥¥ ‡‡‡ ff f �� �

�� ��� � µµµ eee eee �� ��� � 

 
÷÷ ÷ ¿¿¿ �� � )) ) ‰‰‰"" " AAA OOO ´´ ´ 2002ccc �� � SNO¢¢¢ �� � [26](( ( JJJ ééé uuu ééé uuu )) )ûû û �� �

�� � ¥¥¥ ‡‡‡ ff f JJJ KKK äää kkk ­­ ­ ‡‡‡ �� � ¿¿¿ÂÂÂ "" " �� � �� � ¥¥¥ ‡‡‡ ff f �� �¿¿ ¿ ”” ” •• • ªª ª �� � ¢¢¢ ��� (( (@@@•• • ��� �� � SSS ÜÜÜ ¥¥¥

‡‡‡ ff f ll l � e�� � � � �� � Mikheev-Smirnov-Wolfenstein(MSW)�� � AAA [27]§§§ ùùù •• • uuu �� � 

 
 II I OOO �� � �� � �� �

.. . [28] �� � �� � (( ( 555 "" " Kamland¢¢¢ �� � [29]??? ˜˜ ˜ ÚÚÚ yyy ¢¢¢ 

 
 SNO¢¢¢ �� � �� � �� � �� � ëëë êêê ˜˜ ˜ mmm "" " ŒŒŒíí í ¥¥¥

‡‡‡ ff f ¢¢¢ �� � §§§ �� � �� � ¥¥¥ ‡‡‡ ff f ¢¢¢ �� � �� � ¥¥¥ ‡‡‡ ff f ¢¢¢ �� � (( ( JJJ ÑÑÑ ´́´ ŒŒŒ±±± 333 nnn ““ “ ¥¥¥ ‡‡‡ ff f �� � ���� �� µµµ eee eee

�� ��� � éééÐÐÐ �� � )) ) ºº º [30]"" "

1.2 ¥¥¥ ‡‡‡ fff ��� ���

bbb �� � •• • 333 nnn ““ “ ¥¥¥ ‡‡‡ fff §§§ II I PPP ¥¥¥ ‡‡‡ fff ��� ŸŸŸ þþþ �� � �� � ��� ••• � 1; � 2; � 3§§§ ¥¥¥ ‡‡‡ ff f �� � ff f ƒƒƒ ppp

ŠŠŠ ^^^ �� � �� � �� � === ¥¥¥ ‡‡‡ ff f �� � ›› › �� � �� � �� � �� � •• • � e; � � ; � � "" " XXX JJJ •• • 333 ¥¥¥ ‡‡‡ ff f �� � �� � §§§ ¥¥¥ ‡‡‡ ff f �� � ff f

ƒƒƒ ppp ŠŠŠ ^^^ �� � �� � �� � ØØØ �� � uuu §§§ ‚‚ ‚ �� � ŸŸŸ þþþ �� � �� � �� � "" " ¥¥¥ ‡‡‡ fff ��� ff f ƒƒƒ ppp ŠŠŠ ^^^ ��� �� � �� � ´́´ ŸŸŸ þþþ �� � ���

�� � �� � ‚‚ ‚ 555 || | ÜÜÜ "" " £££ ããã ùùù ««« ‚‚ ‚ 555 ||| ÜÜÜ �� � XXX êêê ÝÝÝ 

 
 ¡¡¡ ••• Maki-Nakagawa-Sakata-Pontecorvo

(MNSP)ÝÝÝ 

 
 [31] [32]"" " ^^^ •• • §§§ LLL ««« •• • µµµ

j � � > =
X

i

U�
�i j � i > ( 1.1)

ªª ª ¥¥¥ §§§ � = e; �; � ´´ ´ ¥¥¥ ‡‡‡ ff f �� � ›› › �� � þþþ ff f êêê §§§ i = 1; 2; 3´´ ´ ¥¥¥ ‡‡‡ ff f �� � ŸŸŸ þþþþþ þ ff f êêê "" "

�� � j � i > ‘‘ ‘ žžž mmm �� � üüü zzz „„ „ ÅÅÅ Shr•odinger•• • §§§ "" " 333 � i ·· · ŽŽŽ �� � ‹‹ ‹ II I XXX ¥¥¥ §§§ �� �žž ž mmm •• • � i§§§ ééé

AAA �� � ¥¥¥ ‡‡‡ ff f ŸŸŸ þþþ •• • mi§§§ �� ��� � '' ' XXX µµµ

j � i (� i ) > = e� im i � i j � i (0) > ( 1.2)

333 ¢¢¢ �� � ¿¿¿ ‹‹ ‹ II I XXX ¥¥¥ §§§ ééé AAA ��� žžž mmm •• • t§§§ ¥¥¥ ‡‡‡ fff $$$ ÄÄÄ�� � ååå lll •• • L§§§ ŠŠŠ âââ LorentzØØØCCC 555 §§§

kkk ±±± eee '' ' XXX ¤¤¤ ááá µµµ

e� im i � i = e� i (E i t � Pi L ) ( 1.3)

ªª ª ¥¥¥ §§§ E i ÚÚÚ Pi ´´ ´ •• • 333 ¢¢¢ �� � ¿¿¿ ‹‹ ‹ II I XXX ¥¥¥¥¥ ¥ ‡‡‡ fff �� � UUU þþþ ÚÚÚ ÄÄÄ þþþ """ ddduu u ¥¥¥ ‡‡‡ ff f ´́́ 444 ààà ƒƒƒ ééé

ØØØ 555 âââ ff f §§§ ÷÷÷ vvv '' ' XXX µµµ t � L"" " ¥¥¥ ‡‡‡ ff f � � �� � )) )žž ž �� �ÄÄ Ä þþþ •• • P§§§ ŒŒŒ±±± @@@•• • ØØØ ÓÓÓ ŸŸŸ þþþ ���

�� � �� � �� � ¥¥¥ ‡‡‡ ff f þþþää ä kkk ùùù ‡‡‡ ÄÄÄ þþþ ŠŠŠ ¶¶¶ ,, , 		 	 §§§ ŒŒŒ±±± bbb ��� ¥¥¥ ‡‡‡ ff f ��� ŸŸŸ þþþ ƒƒƒ ééé uuu §§§ ‚‚‚ �� � UUU þþþ

555 `` ` ééé �� � §§§ eee ¡¡ ¡ �� � '' ' XXX ¤¤¤ ááá µµµ

E i =
q

p2 + m2
i � P +

m2
i

2P
( 1.4)



1.2. ¥¥¥ ‡‡‡ fff ��� ��� 3

•• • §§§ 1.2333 ¢¢¢ �� � ¿¿¿ ‹‹ ‹ II I XXX ¥¥¥ �� �éé é AAA // / ªª ª ÒÒÒ CCC ¤¤¤ •• • :

j � i (� i ) > � e� i
m 2

i
2P L j � i (0) > ( 1.5)

E � P§§§ ½½½ ÂÂÂ •• • ØØØ ÓÓÓ ŸŸŸ þþþ �� � �� � �� � ¥¥¥ ‡‡‡ ff f �� � ²² ² þþþ UUU þþþ §§§ íí í ��� ÑÑÑ •• • §§§ 1.6

j � � (L) > �
X

�

X

�

U�
�i e� im 2

i
L

2E U�
�i j � � > ( 1.6)

ùùù ‡‡‡ •• • §§§ £££ ããã 

 
 ²² ² LLL ååå lll L�� � ¥¥¥ ‡‡‡ fff ››› ��� þþþ ff f êêê ��� ··· ÜÜÜ "" " ŠŠŠ âââ þþþ fff ÔÔÔ nnn ÆÆÆ�� � ÄÄÄ ��� ���

nnn §§§ j< � � j � � (L) > j2 LLL ««« ²² ² LLL ååå ll l L�� � §§§ ¥¥¥ ‡‡‡ fff � � CCC ¤¤¤ � � �� � AAA ÇÇÇ §§§ •• • §§§ 1.7�� � ÑÑÑ 

 
 ùùù

‡‡‡ AAA ÇÇÇ �� � êêê ÆÆÆLLL ˆˆ ˆ ªª ª [33]"" "

P(� � ! � � ) = � ��

� 4
X

i>j

Re(U�
�i U�i U�j U�

�j )sin2

�
1:274 m2

ij

�
L
E

��

+2
X

i>j

Im (U�
�i U�i U�j U�

�j )sin
�
2:544 m2

ij

�
L
E

��
( 1.7)

ªª ª ¥¥¥ §§§ 4 m2
ij � m2

i � m2
j §§§ üüü      ´´ ´ eV2§§§ L�� � üüü      ´´ ´ km§§§ E�� � üüü      ´´ ´ GeV§§§ ~~~ êêê 1.27555

ggg uuu üüü      ›› › �� � ††† ŽŽŽ "" " •• • •••[[ [ ��� íí í �� � „„„ ëëë ••• ©©© ÙÙÙ [34]"" " XXX JJJ CPTCCC ††† ÅÅÅ ððð §§§ ééé uuu ¥¥¥ ‡‡‡

ff f �� � �� � §§§ •• • 333 ±±± eee '' ' XXX µµµ

P(�� � ! �� � ) = P(� � ! � � ) ( 1.8)

,, , ˜˜ ˜ •• • ¡¡ ¡ §§§ ll l •• • §§§ 1.7¥¥¥ �� ��� � µµµ

P(� � ! � � ; U) = P(� � ! � � ; U� ) ( 1.9)

XXX JJJ CPTCCC ††† ÅÅÅ ððð §§§ ¥¥¥ ‡‡‡ ff f �� � �� � òòò „„ „ ÅÅÅ CCC ††† ''' XXX 1.10"" "

P(�� � ! �� � ; U) = P(� � ! � � ; U� ) ( 1.10)

ùùù ‡‡‡ '' ' XXX `` ` ²² ² §§§ 333 ·· · ÜÜÜ ÝÝÝ 

 
 U�� � ÙÙÙ EEE �� � ÝÝÝ �� � §§§ ‡‡‡ ¥¥¥ ‡‡‡ ff f �� � �� � �� � AAA ÇÇÇ ††† ¥¥¥ ‡‡‡ ff f �� � ��� ���

AAA ÇÇÇ ƒƒƒ �� � "" " XXX JJJ ·· · ÜÜÜ ÝÝÝ 

 
 U�� � ÝÝÝ 

 
 ��� ØØØ ´́́¢¢ ¢ ... �� � §§§ úúú ªªª 1.7¥¥¥ �� � •• • �� � ˜̃̃ ‘‘ ‘ òòò 333 ��� EEE ���

ÝÝÝ �� � kkk ØØØ ÓÓÓ �� � ÎÎ Î ÒÒÒ §§§ ‡‡‡ ¥¥¥ ‡‡‡ ff f ÚÚÚ ¥¥¥ ‡‡‡ ff f �� � �� � ��� AAA ÇÇÇ ØØØ ƒƒƒ ��� """ ddd ddd §§§ XXX JJJ CPTCCC ††† ÅÅÅ

ððð §§§ ±±± þþþ ùùù 

 
 �� � �� � AAA ÇÇÇ mmm �� � �� � OOO òòò ¿¿¿ ››› XXX CPCCC ††† ��� ØØØ ÅÅÅ ððð [33]"" "

”” ” ff f �� � ·· · ÜÜÜ ÝÝÝ 

 
 £££ MNSPÝÝÝ 

 
 ¤¤¤ ŒŒŒ±±± ëëë êêê zzz •• • XXX eee // / ªªª [35] [36]§§§ „„ „ •• • §§§ 1.11µµµ

U =

0

B
@

1 0 0

0 c23 s23

0 � s23 c23

1

C
A

0

B
@

c13 0 s13e� i�

0 1 0

� s13ei� 0 c13

1

C
A

0

B
@

c12 s12 0

� s12 c12 0

0 0 1

1

C
A
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�

0

B
@

ei� 1 0 0

0 ei� 2 0

0 0 1

1

C
A ( 1.11)

=

0

B
@

c12c13 s12c13 s13e� i�

� s12c23 � c12s23s13ei� c12c23 � s12s23s13ei� s23c13

s12s23 � c12c23s13ei� � c12s23 � s12c23s13ei� c23c13

1

C
A

0

B
@

ei� 1 0 0

0 ei� 2 0

0 0 1

1

C
A

( 1.12)

ªª ª ¥¥¥ §§§ sij = sin � ij ; cij = cos� ij ; (i; j = 1; 2; 3)"" " UUU ìì ìùù ù ««« ëëë êêê zzz�� � �� � ¥¥¥ ‡‡‡ ff f ·· · ÜÜÜ ÝÝÝ



 
 ŒŒŒ±±± ††† ** * // / ‰‰‰ÑÑÑ ééé õõõ ÔÔÔ nnn yyy–– – �� � )) ) ººº """

1. •• • §§§ 1.11�� � •• • �� � ˜˜ ˜ ‘‘ ‘ ´´ ´ ˜˜ ˜ ‡‡‡ ééé �� �ÝÝ Ý 

 
 "" " ddd úúú ªª ª 1.7www ÑÑÑ §§§ ùùù ˜˜ ˜ ‘‘ ‘ ØØØ ¬¬¬ KKK •• • ¥¥¥ ‡‡‡

ff f �� � �� � AAA ÇÇÇ §§§ 333 ¥¥¥ ‡‡‡ ff f �� � �� � ¢¢¢ �� � ¥¥¥ ØØØ UUU ÿÿÿ þþþ ÑÑÑ � 1; � 2�� � ŠŠŠ "" " ll l ÔÔÔ nnn ¿¿¿ÂÂÂ 555 www §§§

ëëë êêê � 1; � 2£££ ããã Majorana¥¥¥ ‡‡‡ ff f £££ ½½½ ÂÂÂ µµµ ¥¥¥ ‡‡‡ ff f ÚÚÚ §§§ ��� ‡‡‡ âââ ff f ´́́ ÓÓÓ ˜̃˜ ««« âââ fff ���

¥¥¥ ‡‡‡ ff f ¡¡ ¡ •• • Majorana¥¥¥ ‡‡‡ ff f ¤¤¤§§ § §§§ ‚‚ ‚ �� � )) ) �� � �� � AAA ŒŒŒ±±± 333 ÃÃÃ ¥¥¥ ‡‡‡ ff f uuu �� � �� � VVV � PPP

CCC (neutrinoless double beta decay)¥¥¥ ** * ÿÿÿ �� � "" "

2. CP»»» €€€ �� � AAAdd d JarlskogØØØCCC þþþ LLL ««« [37]"" " ll l UÝÝÝ 

 
 �� � ooo �� � 555 ŒŒŒ•• • §§§ 333 nnn ««« ›› › �� � ¥¥¥

‡‡‡ ff f �� � �� � �� � ªª ª ¥¥¥ §§§ •• • kkk ˜˜ ˜ ‡‡‡ JarlskogØØØCCC þþþ "" " UUU ìì ì ±±± þþþ ��� ëëë êêê zzz •• •{{ { §§§ JarlskogØØØ

CCC þþþ ½½½ ÂÂÂ •• • µµµ

JCP = s12c12s23c23s13c2
13 sin� ( 1.13)

ùùù ‡‡‡ '' ' XXX LLL ²² ² §§§ ¥¥¥ ‡‡‡ ff f �� � �� � ¢¢¢ �� � ¥¥¥ �� � CP»»» €€€ �� � AAA �� � '' ' uuu sin� §§§ •• • §§§ 1.11¥¥¥

�� � � ´´ ´ CPƒƒƒ �� � "" " ÏÏ Ï LLL ¥¥¥ ‡‡‡ ff f �� � �� � ¢¢¢ ��� §§§ ŒŒŒ±±± ÿÿÿ ½½½ CP/T »»» €€€ ��� ŒŒŒ�� � "" " ll l þþþ ¡¡¡ ��� úúú

ªª ª „„ „ ŒŒŒ±±± www ÑÑÑ µµµ CPƒƒƒ �� � ÚÚÚ ¥¥¥ ‡‡‡ ff f ·· · ÜÜÜ �� � �� � ÓÓÓ ûûû ½½½ CP»»» €€€ �� � ŒŒŒ�� � §§§ ùùù ‡‡‡ (( ( ØØØ LLL

²² ² (( ( ½½½ � •• • 333 ëëë êêê {{ { ¿¿¿ �� � æææ††† "" "

3. ll l +++ ØØØ �� � ** * :: : www §§§ •• • §§§ 1.11�� � ccc nnn ‘‘ ‘ ˆˆ ˆ ½½½ ÂÂÂ 

 
 ˜˜ ˜ ‡‡‡ === ÄÄÄ �� � §§§ §§§ ‚‚ ‚ ééé AAA nnn “““ ¥¥¥ ‡‡‡

ff f mmm �� � ·· · ÜÜÜ �� � "" " •• • §§§ 1.11¥¥¥ �� � ¥¥¥ ‡‡‡ ff f ·· · ÜÜÜ ��� ÚÚÚ úúú ªª ª 1.7¥¥¥ �� � ¥¥¥ ‡‡‡ fff ŸŸŸ þþþ ²² ² •• • ��� ééé

AAA ¥¥¥ ‡‡‡ ff f �� � �� � ¢¢¢ �� � �� � ÿÿÿ þþþþþ þ kkk XXX eee '' ' XXX µµµ

� m2
21 = � m2

solar ;

� m2
32 = � m2

atom ;

� 12 = � solar ;

� 23 = � atom ;
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� 13 = � reactor : ( 1.14)

ªª ª ¥¥¥ �� � solar““ “ LLL �� � �� � ¥¥¥ ‡‡‡ ff f ¢¢¢ �� � ëëë êêê §§§ ·· · ÜÜÜ �� � ëëë êêê � 12ëëë ÓÓÓ ŸŸŸ þþþ ëëë êêê � m2
21ddd �� �

�� � ¥¥¥ ‡‡‡ ff f ¢¢¢ �� � (SNO�� � )ÚÚÚ ‡‡‡ AAA æææ¥¥¥ ‡‡‡ ff f ¢¢¢ �� � (KamLAND) 333 5� ˜˜ ˜ &&& ««« mmm SSS ÿÿÿ þþþ ‰‰‰

ÑÑÑ •• • ›› › §§§ ¡¡ ¡ •• • // / �� � �� � ëëë êêê 000""" atom““ “ LLL ŒŒŒííí ¥¥¥ ‡‡‡ ff f ¢¢¢ �� � ëëë êêê §§§ � 23ëëë ÓÓÓ � m2
32ddd

ŒŒŒíí í ¥¥¥ ‡‡‡ ff f (SuperK�� � )ÚÚÚ ƒƒƒ �� � �� � \\ \ „„ „ ìì ì ¥¥¥ ‡‡‡ ff f ¢¢¢ �� � (MINOS) ÿÿÿ þþþ 333 5� ˜˜ ˜ &&& ««« mmm

SSS ‰‰‰ÑÑÑ •• • ›› › §§§ ¡¡ ¡ •• • /// ŒŒŒíí í ëëë êêê 000"" " reactor““ “ LLL ‡‡‡ AAA æææ¥¥¥ ‡‡‡ ff f ¢¢¢ ��� ëëë êêê §§§ 888 ccc ���

333 ïï ï EEE ¥¥¥ �� � ‡‡‡ AAA æææ¥¥¥ ‡‡‡ ff f ¢¢¢ �� � OOO yyy °° ° (( ( ÿÿÿ þþþ 111 nnn ‡‡‡ ÝÝÝ 

 
 ëëë êêê ¥¥¥ �� � � 13 "" " �� � ccc �� �

�� � �� � ¥¥¥ ‡‡‡ ff f ¢¢¢ �� � ÿÿÿ þþþ °° ° ÝÝÝ •• • ppp �� � (( ( JJJ 555 ggg KamLandÚÚÚ SNOüüü ‡‡‡ ¢¢¢ �� � || | [38] [39]§§§

%%%CCC �� � •• • ZZZ ¢¢¢ �� � (( ( JJJ XXX eee µµµ

� m2
21 = 8:0+0 :4

� 0:3 � 10� 5 eV2;

sin2(2� 12) = 0 :86+0 :03
� 0:04 ( 1.15)

�� � ccc �� � ŒŒŒíí í ¥¥¥ ‡‡‡ ff f ¢¢¢ �� � •• • °° ° (( ( �� � ÿÿÿ þþþ (( ( JJJ 555 ggg K2K ÚÚÚ Super-Küüü ‡‡‡ ¢¢¢ ��� || | [38]

[40]§§§ %%%CCC �� � •• • ZZZ ¢¢¢ �� � (( ( JJJ XXX eee µµµ

j � m2
32 j = (1 :9 � 3:0) � 10� 3 eV2;

sin2(2� 23) > 0:92 (90%Conf idence Level) ( 1.16)

�� � ccc �� � ‡‡‡ AAA æææ ¥¥¥ ‡‡‡ ff f ¢¢¢ �� � ÿÿÿ þþþ °° ° ÝÝÝ •• • ppp �� � (( ( JJJ 555 ggg CHOOZÚÚÚ Palo Verdeüüü ‡‡‡ ¢¢¢

�� � || | [38] [41]§§§ %%%CCC �� � •• • ZZZ ¢¢¢ �� � (( ( JJJ XXX eee µµµ

sin2(2� 13) < 0:13 (90%Conf idence Level) ( 1.17)

ddduu u ¥¥¥ ‡‡‡ ff f �� � nnn ““ “ §§§ kkk �� � ååå ^^^ ‡‡‡ 1.18¤¤¤ ááá "" "

� m2
21 + � m2

32 + � m2
13 = 0 ( 1.18)

�� � 999 �� � ¥¥¥ ‡‡‡ ff f �� � �� � ¢¢¢ �� � �� � ëëë êêê �� � kkk 888 ‡‡‡ §§§ §§§ ‚‚‚ ´´ ´ µµµ

� m2
12; � m2

32; sin2(� 12); sin2(� 23); sin2(� 13); � ( 1.19)

�� � ccc �� � ¢¢¢ �� �®® ® ²² ² (( ( ½½½ 

 
 ±±± þþþ 888 ‡‡‡ ëëë êêê ¥¥¥ ��� nnn ‡‡‡ ŒŒŒµµµ � m2
12; j � m2

32 j; sin2(� 12); sin2(� 23)"" "

„„ „ kkk üüü ‡‡‡ ŒŒŒëëë êêê kkk ––– ÿÿÿ þþþ §§§ §§§ ‚‚ ‚ ´´ ´ µµµ

sign of j � m2
32 j; sin2(� 13); � ( 1.20)
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ll l (( ( JJJ 1.15 1.16¥¥¥ www �� � §§§
� m2

12

j � m2
32 j

� 10� 2 ( 1.21)

nnn ÜÜÜ •• • §§§ 1.18�� ��� � µµµ

j � m2
32 j � j � m2

31 j ( 1.22)

ll l ùùù ‡‡‡ '' ' XXX www ÑÑÑ §§§ £££ ããã ¥¥¥ ‡‡‡ ff f �� � �� ��� � üüü ‡‡‡ ¥¥¥ ‡‡‡ ff f ŸŸŸ þþþ ²² ² •• • �� � ëëë êêê �� � ƒƒƒ ��� üüü ‡‡‡ êêê þþþ

??? "" " (( ( ÜÜÜ úúú ªª ª 1.7§§§ �� � ¥¥¥ ‡‡‡ ff f �� � �� � ¢¢¢ �� � �� � L=E÷÷÷ vvv '' ' XXX µµµ

� m2L
E

= o(1) ( 1.23)

žžž §§§ nnn ““ “ ¥¥¥ ‡‡‡ ff f �� � �� � CCC qqq CCC ¤¤¤ üüü «««¥¥ ¥ ‡‡‡ ff f mmm ��� ›› › ��� ·· · ÜÜÜ "" " 333 ••• §§§ 1.11¤¤¤ ««« �� � MNSPÝÝÝ



 
 ëëë êêê zzz ^^^ ‡‡‡ eee §§§ úúú ªª ª 1.7 CCC qqq CCC ¤¤¤ XXX eee // / ªª ª µµµ

P(� � ! � � ) = sin 2 2� sin2[1:27� m2L=E] ( 1.24)

�� � � 6= � žžž §§§ ÚÚÚ

P(� � ! � � ) = 1 � sin2 2� sin2[1:27� m2L=E] ( 1.25)

•• • §§§ 1.24£££ ããã ¥¥¥ ‡‡‡ ff f �� � �� � )) ) (appearance)¢¢¢ �� � §§§ •• • §§§ 1.25£££ ããã ¥¥¥ ‡‡‡ ff f �� � žžž ”” ” (disappearance)

¢¢¢ �� � §§§ §§§ ‚‚ ‚ ´´ ´¢¢ ¢ �� � ¥¥¥ ²² ² ~~~ ^^^ �� ��� � üüü ‡‡‡úúú ªªª "" "

1.3 ¥¥¥ ‡‡‡ fff ��� ��� ¢¢¢ ���

1.3.1 ¥¥¥ ‡‡‡ ff f 

 


333 // / ¥¥¥ þþþ UUU ** * ÿÿÿ �� ��� � ¥¥¥ ‡‡‡ ff f 

 
 •• • )) )üü ü ««« §§§ ˜˜ ˜ ««« •• • ggg ,,, �� � 

 
 §§§ ”” ” �� � ��� ¥¥¥ ‡‡‡ ff f §§§

ŒŒŒíí í ¥¥¥ ‡‡‡ ff f §§§ ,, , 		 	 ˜˜ ˜ ««« ÒÒÒ ´´ ´ <<< óóó 

 
 §§§ XXX ‡‡‡ AAA æææ ¥¥¥ ‡‡‡ ff f ÚÚÚ \\ \ „„ „ ììì ååå 666 ¥¥¥ ‡‡‡ ff f "" " 333 AAA

‡‡‡ MeVUUU þþþ ‰‰‰ŒŒŒSSS kkk üüü ‡‡‡ �� � rr r �� � ¥¥¥ ‡‡‡ ff f 

 
 ŒŒŒøøø $$$ UUU ƒƒƒ ppp ŠŠŠ ^̂̂ �� � ïïï ÄÄÄ """ ˜˜ ˜ ‡‡‡ ´́́ �� � ���

SSS ØØØ ààà CCC �� � )) ) �� � XXX � e¥¥¥ ‡‡‡ ff f 

 
 §§§ ããã 1.1•• • �� � �� � ¥¥¥ ‡‡‡ ff f UUU ÌÌ Ì [42{45]"" " ,, , ˜˜ ˜ ‡‡‡ ´´ ´ ‡‡‡ AAA æææ

�� � CCC �� � )) ) XXX �� e¥¥¥ ‡‡‡ ff f §§§ ‡‡‡ AAA LLL §§§ •• • ØØØ -- - �� � ÓÓÓ     ƒƒƒ ��� � PPP CCC """ ããã 1.2•• • ‡‡‡ AAA æææ ¥¥¥ ‡‡‡ ff f UUU

ÌÌ Ì [46]§§§ UUU þþþ ¸¸ ¸ ŠŠŠ ˜˜ ˜ „„ „ 333 3 � 7MeV"" "

1.3.2 ŒŒŒíí í ¥¥¥ ‡‡‡ ff f ¢¢¢ �� �

ŒŒŒíí í ¥¥¥ ‡‡‡ ff f ÌÌ Ì ‡‡‡ ´´ ´ ddd ��� ÐÐÐ ‰‰‰»»» ‚‚ ‚ ††† /// ¥¥¥ ŒŒŒííí ��� ƒƒƒ ppp ŠŠŠ ^^^ ��� ))) �� � [47, 48]"" " // / ¥¥¥

LLL ¡¡ ¡ �� � &&& ÿÿÿ ìì ì ÏÏ Ï LLL ¥¥¥ ‡‡‡ ff f �� � ‘‘ ‘ >>> 666 ƒƒƒ ppp ŠŠŠ ^^^ &&& ÿÿÿ ùùù 

 
 ŒŒŒíí í ¥¥¥ ‡‡‡ ff f "" " •• • @@@�� � ŒŒŒíí í

¥¥¥ ‡‡‡ ff f �� � �� ��� � yyy âââ 555 ggg Kamioka [49]ÚÚÚ IMB [50]¢¢¢ �� � §§§ ƒƒƒ �� � �� � SuperK¢¢¢ �� � yyy ¢¢¢ [51]"" "

ùùù 

 
 ¢¢¢ �� � ÑÑÑ ^^^ üüü ‡‡‡ &&& ÿÿÿ ìì ì &&& ÿÿÿ ¥¥¥ ‡‡‡ ff f ¯¯ ¯ ~~~ êêê ‘‘ ‘ UUU ºº º �� � �� � CCC zzz ¼¼¼ êêê §§§ �� �� �� AAA ‡‡‡ ÚÚÚ <<<
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ããã 1.1: ��� ��� III OOO ��� ... ýýý OOO ��� ¥¥¥ ‡‡‡ fff ÏÏÏ þþþ """

ããã 1.2: ‡‡‡ AAA æææ ¥¥¥ ‡‡‡ fff UUU ÌÌÌ """ JJJ ‚‚‚ (ùùù ÚÚÚ )•••
‡‡‡ AAA æææ ˜˜˜ ÑÑÑ ��� ‡‡‡ >>> fff ¥¥¥ ‡‡‡ fff UUU
ÌÌÌ §§§ ::: yyy ‚‚‚ (777 ÚÚÚ )••• ‡‡‡ � PPP CCC ��� ‡‡‡
AAA ��� ¡¡¡ §§§ ¢¢¢ ‚‚‚ (ççç ÚÚÚ )••• ¥¥¥ ‡‡‡ fff &&& ÿÿÿ
ììì *** ÿÿÿ ������ ‡‡‡ >>> fff ¥¥¥ ‡‡‡ fff UUU ÌÌÌ """

555 888 �� � (( ( JJJ §§§ '' ' XXX � ff f ¥¥¥ ‡‡‡ ff f ��� êêê 888 ²²² www ��� 


 ééé õõõ §§§ 


 >>> ff f ¥¥¥ ‡‡‡ ff f êêê 888 ††† nnn ØØØ ýýý

ÏÏ Ï ŠŠŠ ˜˜ ˜ ———¶¶¶ � ff f ¥¥¥ ‡‡‡ ff f ¯¯ ¯ ~~~ '' ' ýýý ÏÏ Ï ŠŠŠ �� � 50%�� � ** * ÿÿÿ (( ( JJJ `` ` ²² ² ¥¥¥ ‡‡‡ ff f uuu )) ) 

 
 ééé rr r �� �

›› › �� � ·· · ÜÜÜ "" " ,, , 

 
 ·· · ‚‚ ‚ ééé ŒŒŒíí í ¥¥¥ ‡‡‡ ff f �� � 

 
 )) ) ÚÚÚ ††† UUU ºº º �� � ƒƒƒ '' ' ��� ­­­ ïï ï °° ° ÝÝÝ ••• ›› › 

 
 êêê âââ

??? nnn žžž �� � ¥¥¥ ‡‡‡ ff f UUU þþþ (E)°° ° ÝÝÝ ÚÚÚ ÄÄÄ ‚‚ ‚ •• • ÝÝÝ (L) °° ° ÝÝÝ "" " Kamioka¢¢¢ �� � ††† SuperK¢¢¢ �� � ÄÄÄ �� � ÑÑÑ

�� � � m2
32�� � ŠŠŠ ƒƒƒ �� � ˜˜ ˜ ‡‡‡ þþþ ??? ÒÒÒ `` ` ²² ² 

 
 ùùù •• • ¡¡ ¡ �� � XXX ÚÚÚ ØØØ ��� """ ‘‘ ‘ ��� §§§ •• • ÄÄÄ ‚‚‚ \\ \ „„ „ ììì ¥¥¥ ‡‡‡ fff

¢¢¢ �� � (K2K,MINIOS) )) )ûû û 

 
 ùùù ‡‡‡ ¯¯ ¯ KKK §§§ ÏÏ Ï •• • \\ \ „„ „ ìì ì ¥¥¥ ‡‡‡ ff f ÚÚÚ &&& ÿÿÿ ìì ì ƒƒƒ mmm �� � ååå ll l ŒŒŒ°°° (((

ûûû ½½½ ÄÄÄ ‚‚ ‚ •• • ÝÝÝ L§§§ 

 
 CCC ::: &&& ÿÿÿ ìì ì ééé ¥¥¥ ‡‡‡ fff ååå 666 �� � ÿÿÿ þþþ ŒŒŒéééÐÐÐ �� � JJJ øøø ¥¥¥ ‡‡‡ ff f �� � UUU þþþ &&&

EEE "" " K2K ¢¢¢ �� � [52]ÄÄÄ kkk yyy ¢¢¢ 

 
 ŒŒŒíí í ¥¥¥ ‡‡‡ ff f ¢¢¢ ��� ��� (( ( JJJ §§§ 2007ccc MINIOS ¢¢¢ �� � 333 •• •ppp °°°

ÝÝÝ þþþ(( (@@@

 
 ŒŒŒíí í ¥¥¥ ‡‡‡ ff f �� � �� � [53, 54]"" " •• • ### �� � ¢¢¢ �� � êêê âââ nnn ÜÜÜ ©©© ÛÛÛ (( ( JJJ LLL ²² ² ŒŒŒíí í ¥¥¥ ‡‡‡ ff f

ŸŸŸ þþþ ²² ² •• • �� � �� � ýýý ééé ŠŠŠ ÚÚÚ ŒŒŒíí í ¥¥¥ ‡‡‡ ff f ·· · ÜÜÜ ��� �� � ••• `` ` [[ [ ÜÜÜ ŠŠŠ ©©© OOO •• • [55]

j � m2
32 j= 2:39� 10� 3eV2;

sin2 � 23 = 0:466: ( 1.26)

1.3.3 �� � �� � ¥¥¥ ‡‡‡ ff f ¢¢¢ �� �

�� � �� � SSS ÜÜÜ �� � 999 ØØØ ààà CCC §§§ ´´ ´ �� � �� � UUU þþþ �� � ÌÌ Ì ‡‡‡ 555 

 
 §§§ ÓÓÓ žžž ˜˜ ˜ ÑÑÑ >>> ff f ¥¥¥ ‡‡‡ ff f � e, UUU

ÌÌ Ì XXX ããã 1.1¤¤¤ ««« "" " •• • ÐÐÐ Ray Davis333 Homestake ^^^ ÅÅÅ qqq ††† >>> ff f ¥¥¥ ‡‡‡ ff f �� � ‘‘ ‘ >>> 666 ƒƒƒ ppp ŠŠŠ

^^^ � e + Cl ! e+ Ar &&& ÿÿÿ �� � �� � ¥¥¥ ‡‡‡ ff f [43]§§§ uuu yyy ¥¥¥ ‡‡‡ ff f ¯¯ ¯ ~~~ '' 'II I OOO �� � �� � �� � .. . (SSM)�� � ýýý

ÏÏ Ï ŠŠŠ �� � 

 
 nnn ©©© ƒƒƒ �� � "" " 333 @@@ƒƒƒ ��� ††† �� � yyy 333 �� � kkk ooo ‡‡‡ ¥¥¥ ‡‡‡ fff ¢¢¢ ��� ÑÑÑ yyy ¢¢¢ 


 Davis�� � ** * ÿÿÿ (((
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JJJ "" " 1999ccc §§§ GALLEX [45] ÚÚÚ SAGE [44]¢¢¢ �� � ÏÏ Ï LLL � e + Ga ! e+ Geyyy ¢¢¢ �� � �� � ¥¥¥ ‡‡‡ ff f �� �¿¿ ¿

”” ” "" " ‘‘ ‘ �� � SuperK¢¢¢ �� � ÏÏ Ï LLL �� � �� � ¥¥¥ ‡‡‡ ff f 333 YYY ppp �� �� �� 555 ÑÑÑ �� � LLL §§§ � e + e ! � e + e??? ˜˜ ˜ ÚÚÚ (( (

@@@

 
 555 ggg �� � �� � �� � � e�� � (( ( '' ' �� � �� � II I OOO �� � .. . ýýý ÏÏ Ï ��� ‡‡‡ ��� [56]"" " ±±± þþþnn n ‡‡‡ ¢¢¢ �� � �� � &&& ÿÿÿ •• •{{ {

ÑÑÑ ^^^ �� � 

 
 ¥¥¥ ‡‡‡ ff f �� � ‘‘‘ >>> 666 ƒƒƒ ppp ŠŠŠ ^^^ §§§ ��� ��� �� � ¥¥¥ ‡‡‡ fff ŸŸŸ þþþ �� � $$$ §§§ •• • kkk AAA ‡‡‡ MeV§§§ §§§ ���

‘‘ ‘ >>> 666 ƒƒƒ ppp ŠŠŠ ^^^ ØØØ ŒŒŒUUU ��� ))) � ÚÚÚ � "" " ÏÏ Ï ddd §§§ ùùù AAA ‡‡‡ ¢¢¢ �� � ••• ,,, *** ÿÿÿ �� � � e~~~ �� � §§§ �� � ØØØ UUU `` `

²² ² ~~~ �� � �� � @@@ÜÜÜ ©©© � eÏÏ Ï LLL ¥¥¥ ‡‡‡ ff f �� � �� � === CCC ¤¤¤ 

 
 � � ÚÚÚ � � "" " 2000ccc §§§ SNO¢¢¢ �� � ^^^ ­­ ­ YYY ŠŠŠ qqq §§§

ÏÏ Ï LLL ‘‘ ‘ >>> 666 ‡‡‡ AAA � e+ d ! p+ p+ e� ÚÚÚ ¥¥¥ 555 666 ‡‡‡ AAA � + d ! � + n+ p555 &&& ÿÿÿ ¥¥¥ ‡‡‡ ff f [57]"" " 333

ccc ˜˜ ˜ ‡‡‡ ‡‡‡ AAA �� � ÿÿÿ þþþ ¥¥¥ §§§ SNO�� ��� � � e�� � ÏÏ Ï þþþ •• • (1:68� 0:06(stat)+0 :08
� 0:09(sys)) � 106cm� 2s� 1

[58{60]§§§ ††† ƒƒƒ ccc �� � ÙÙÙ §§§ �� � �� � ¥¥¥ ‡‡‡ ff f ¢¢¢ �� � (( ( JJJ ˜˜ ˜ ———"" " 

 
 �� � ˜˜ ˜ ‡‡‡ ¥¥¥ 555 666 ‡‡‡ AAA†† † ¥¥¥ ‡‡‡ ff f

›› › �� � ÃÃÃ '' ' §§§ ÿÿÿ þþþ �� � �� � ooo �� � ¥¥¥ ‡‡‡ ff f ÏÏÏ þþþ ••• (4:94� 0:21(stat)+0 :38
� 0:34(sys)) � 106cm� 2s� 1

[58{60]§§§ 333 ØØØ �� � ‰‰‰ŒŒŒSSS ††† �� � �� � II I OOO �� � .. . �� � ýýý ÏÏ Ï ŠŠŠ ÎÎ Î ÜÜÜ "" " ùùù `` ` ²² ² ëëë ††† 

 
 ¥¥¥ 555 666 ƒƒƒ ppp

ŠŠŠ ^^^ �� � „„ „ kkk ll l � e=== ††† 555 �� � � � ÚÚÚ � � §§§ yyy ¢¢¢ 

 
 �� � �� � ¥¥¥ ‡‡‡ ff f �� � �� � """ ddd 			 §§§ KamLAND ¢¢¢ ���

KKK )) )ûû û 

 
 ÔÔÔ ŸŸŸ �� � AAA ‘‘ ‘ 555 �� � � m2ŒŒŒ�� � �� � ¯¯ ¯ KKK "" " KamLAND ¢¢¢ �� � ^^^ ƒƒƒ ååå AAA zzz ZZZ ’’ ’ �� � 51‡‡‡

‡‡‡ AAA æææ &&& ÿÿÿ ‡‡‡ >>> ff f ¥¥¥ ‡‡‡ fff ¯¯ ¯ ~~~ §§§ ÄÄÄ ‚‚‚ ••• ÝÝÝ ††† UUU þþþ ��� '' ' ŠŠŠ L/E �� � 10� 6m=MeV§§§ ááá 333

ccc ¡¡ ¡ ddd ÔÔÔ ŸŸŸ �� � AAA ÚÚÚ ååå �� � �� � ŒŒŒ� m2)) ) �� � ‰‰‰ŒŒŒSSS §§§ ¢¢¢ �� � �� ��� � tan2 � 12 = 0:4+0 :01
0:07 §§§ � m2

21 =

7:9+0 :6
� 0:5 � 10� 5eV2§§§ === �� � �� � ÔÔÔ ŸŸŸ �� � AAA �� � // / ŒŒŒ·· · ÜÜÜ �� � MSW)) ) 000"" " •• • ### �� � ¢¢¢ �� � êêê âââ nnn ÜÜÜ

©©© ÛÛÛ (( ( JJJ LLL ²² ² �� � �� � ¥¥¥ ‡‡‡ ff f ŸŸŸ þþþ ²² ² •• • �� � �� � ýýý ééé ŠŠŠ ÚÚÚ ��� ��� ¥¥¥ ‡‡‡ fff ·· · ÜÜÜ ��� �� � •• • `̀` [[[ ÜÜÜ ŠŠŠ ©©©

OOO •• • [55]

j � m2
21 j= 7:67� 10� 5eV2; ( 1.27)

sin2 � 12 = 0:312: ( 1.28)

1.3.4 <<< óóó 

 
 �� � ¥¥¥ ‡‡‡ ff f ¢¢¢ �� �

ŒŒŒíí í ¥¥¥ ‡‡‡ ff f ÚÚÚ �� � �� � ¥¥¥ ‡‡‡ fff ��� �� � )) ) ÑÑÑ ´́́ ggg ,, , LLL §§§ §§§ ••• 

 
 •• • ÐÐÐ ��� ÿÿÿ þþþ ¥¥¥ ‡‡‡ fff ˆ̂̂

«««�� � �� � ëëë êêê §§§ •• • ??? 111 

 
 ˜˜ ˜ XXX �� � �� � <<< óóó 

 
 �� � ¥¥¥ ‡‡‡ ff f ¢¢¢ �� � §§§ ØØØ 

 
 ccc ¡¡ ¡ ¤¤¤ JJJ �� ��� � •• • ÄÄÄ

‚‚ ‚ ¥¥¥ ‡‡‡ ff f ¢¢¢ �� � K2K,MINOS, ÚÚÚ Kamland§§§ „„ „ kkk ÄÄÄ ‚‚‚ ��� ááá�� � ÿÿÿ þþþ � 13�� � ‡‡‡ AAA æææ ¥¥¥ ‡‡‡ ff f ¢¢¢

�� � CHOOZ [61]§§§ CHOOZ¢¢¢ �� � �� � ÄÄÄ ‚‚ ‚ •• • ÝÝÝ •• • 1km§§§ || | ^^^ ‡‡‡ � PPP CCC

�� e + p ! e+ + n ( 1.29)

ÿÿÿ þþþ ‡‡‡ >>> ff f ¥¥¥ ‡‡‡ ff f �� � •• • ¹¹ ¹ AAA ÇÇÇ §§§ ??? 

 
 ((( ½½½ ¥¥¥ ‡‡‡ ff f ·· · ÜÜÜ �� � ��� � 13�� � ŒŒŒ�� � "" "

ããã 1.3•• • CHOOZ¢¢¢ �� � (( ( JJJ ‰‰‰ÑÑÑ ¥¥¥ ‡‡‡ ff f �� � �� � ëëë êêê ��� ��� ŠŠŠ ‰‰‰ŒŒŒ§§§ ¢¢¢ �� � ‰‰‰ÑÑÑ 

 
 sin2(2� 13)�� �

•• • �� � þþþ •• • "" " •• • ### �� � ¢¢¢ �� � êêê âââ [[ [ ÜÜÜ ‰‰‰ÑÑÑ � 13�� � þþþ •• • •• • :sin2� 13 < 0:036(2� ) [55]"" "
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ããã 1.3: 90%̃̃˜ &&& YYY ²²² eee §§§ 333 � m2 � sin 22� ²²² ¡¡¡ þþþ ¢¢¢ ��� ((( JJJ üüü ØØØ ��� ¥¥¥ ‡‡‡ fff ��� ��� ««« ••• """ ¢¢¢ ��� ((( JJJ 555 



uuu CHOOZ¢¢¢ ��� !!! Palo Verde ¢¢¢ ��� ÚÚÚ Kamiokande¢¢¢ ��� [62]"""

LLL 1.1: 888 ccc ¢¢¢ ��� ééé ¥¥¥ ‡‡‡ fff ··· ÜÜÜ ëëë êêê ��� ••• ›››

ëëë êêê ••• ZZZ [[[ ÜÜÜ ŠŠŠ 95%˜̃˜ &&& ««« mmm

��� ��� ¥¥¥ ‡‡‡ fff ŸŸŸ þþþ ²²² ••• ��� � m2
21 = 7 :67 � 10� 5eV2 (7:31 � 8:01) � 10� 5eV2

ŒŒŒííí ¥¥¥ ‡‡‡ fff ŸŸŸ þþþ ²²² ••• ��� ��� ýýý ééé ŠŠŠ j� m2
32 j = 2 :39 � 10� 3eV2 (2:19 � 2:66) � 10� 3eV2

��� ��� ¥¥¥ ‡‡‡ fff ··· ÜÜÜ ��� sin 2 � 12 =0.312 0:278 < sin 2 � 12 < 0:352

ŒŒŒííí ¥¥¥ ‡‡‡ fff ··· ÜÜÜ ��� sin 2 � 23 =0.466 0:366 < sin 2 � 23 < 0:602

··· ÜÜÜ ��� � 13 sin 2 � 13 =0.016 sin 2 � 13 < 0:036

1.3.5 �� � �� � ëëë êêê �� � ¢¢¢ �� � •• • ›› ›

LLL 1.1¥¥¥ �� � ÑÑÑ 

 
 nnn ÜÜÜ ©©© ÛÛÛ 888 ccc nnn ““ “ ¥¥¥ ‡‡‡ ff f ŸŸŸ þþþ ÌÌÌ ÚÚÚ ›› › �� � ·· · ÜÜÜ ëëë êêê ��� ¢¢¢ �� � (( ( JJJ 


 ���

�� ��� � ¢¢¢ �� � •• • ›› › [55]"" "

1.4 sin2 2� 13êêê ŠŠŠ ��� ©©© ÛÛÛ

CHOOZ¢¢¢ �� � ‰‰‰ÑÑÑ 

 
 �� � ccc sin2 2� 13�� � •• • �� � þþþ •• • �� � •• • ÐÐÐ (( ( JJJ §§§ ùùù ‡‡‡ •• • ›› › LLL ²² ² §§§ � 13 <

� C � 13� §§§ ÙÙÙ ¥¥¥ � C ´´ ´ §§§ŽŽ Ž ›› › �� � ·· · ÜÜÜ �� � Cabibbo�� � "" " ¥¥¥ ‡‡‡ ff f ›› › �� � ·· · ÜÜÜ �� � ·· · ÜÜÜ �� � � 12!! ! � 23ÑÑÑ

´´ ´ ŒŒŒ�� � ÝÝÝ §§§ 

 
 � 13ééé �� � §§§ ¢¢¢ �� � (( ( JJJ www ««« ¥¥¥ ‡‡‡ fff ››› �� � ·· · ÜÜÜÚÚÚ §§§ŽŽ Ž ��� ››› �� � ·· · ÜÜÜ kkk ØØØ ÓÓÓ ��� ÔÔÔ

nnn �� � µµµ "" " XXX JJJ � 13�� � uuu "" " §§§ ll l •• • §§§ 1.13¥¥¥ www �� � §§§ ¥¥¥ ‡‡‡ ff f ��� �� ��� � JarlskogØØØCCC þþþ ��� uuu "" " §§§

ùùù LLL ²² ² ¥¥¥ ‡‡‡ ff f �� � �� � ¢¢¢ �� � ÿÿÿ þþþ ØØØ �� � ”” ” ff f �� � CP»»» €€€ "" " ll l ùùù ˜˜ ˜ :: : 555 `` ` §§§ ### �� � ‡‡‡ AAA æææ¥¥¥ ‡‡‡ ff f
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¢¢¢ �� � XXX JJJ ŒŒŒ±±± ÿÿÿ ½½½ sin2 2� 13�� � ŒŒŒ�� � ØØØ •• • "" " §§§ ÒÒÒ ŒŒŒ±±± (( ( ½½½ 888 �� � �� � ¥¥¥ ‡‡‡ ff f ��� ��� ¢¢¢ ��� kkk "" " ÿÿÿ

þþþ ”” ” ff f �� � CP»»» €€€ "" "
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ããã 1.4: � � 2‘‘‘ sin2 � 13 ��� CCC zzz ­­­ ‚‚‚ §§§ ddd BGP [64]£££ ††† ¤¤¤ ÚÚÚ MSTV [65]£££ mmm ¤¤¤ ‰‰‰ÑÑÑ """

ll l 888 ccc ®®® kkk �� � ¥¥¥ ‡‡‡ ff f �� � �� � ¢¢¢ �� � ((( JJJ §§§ •• • ))) ��� �� � ¥¥¥ ‡‡‡ fff ¢¢¢ ��� !! ! ŒŒŒíí í ¥¥¥ ‡‡‡ ff f ¢¢¢ �� � !!!

ÚÚÚ ‡‡‡ AAA æææ¥¥¥ ‡‡‡ ff f ¢¢¢ �� � §§§ ŒŒŒ±±± nnn ÜÜÜ ©©© ÛÛÛ ÑÑÑ ˜˜ ˜ ‡‡‡ � 13�� � ŒŒŒ———‰‰‰ŒŒŒ§§§ •• • ### �� � ¢¢¢ ��� ��� OOO JJJ øøø •••

�� � "" " ØØØ LLL ùùù 

 
 �� � OOO ÑÑÑ ½½½ õõõ ½½½ �� � ÄÄÄ uuu ˜˜ ˜ 

 
 nnn ØØØ þþþ �� � bbb �� � [63]"" " 333 nnn ““ “ ¥¥¥ ‡‡‡ ff f �� � �� ��� � ccc

JJJ eee §§§ ëëë •• • ©©© ÙÙÙ [64]ÚÚÚ [65]¥¥¥ ééé yyy kkk �� � ¢¢¢ �� � êêê âââ ŠŠŠ 

 
 ©©© ÛÛÛ §§§ ‰‰‰ÑÑÑ 

 
 � 13ŒŒŒ�� � �� � •• • ›› › "" " ©©©

ÛÛÛ (( ( JJJ „„ „ ããã 1.4¤¤¤ ««« "" " 333ùù ù üüü ŸŸŸ ©©© ÙÙÙ ¥¥¥ §§§ ŠŠŠ ööö bbb �� � 333 ©©© ÛÛÛ ŒŒŒíí í ¥¥¥ ‡‡‡ ff f êêê âââ žžž � m2
12ŒŒŒ

±±± �� � ÑÑÑ §§§ ©©© ÛÛÛ �� � �� � ¥¥¥ ‡‡‡ fff êêê âââ žžž §§§ ^̂̂ ²²² þþþ ��� •• •{{ { ??? nnn � m2
23�� � KKK •• • §§§ ÏÏ Ï ddd CPƒƒƒ �� � �� �

�� � AAA ŒŒŒ±±± ll l [[ [ ÜÜÜ ¥¥¥ �� � KKK "" " §§§ ‚‚ ‚ �� � ©©© ÛÛÛ •• • ¹¹ ¹ ÊÊÊ ‡‡‡ ëëë êêê £££ � 12; � 23; � 13; � m2
21; � m2

32¤¤¤

�� � KKK •• • "" " ll l (( ( JJJ ©©© ÛÛÛ �� �� �� XXX eee (( ( ØØØ µµµ •• • �� � ��� � � 2 ééé AAA �� � sin2 � 13 = 0:009 £££ BGP¤¤¤

½½½ sin2 � 13 = 0:006 £££ MSTV ¤¤¤ "" " LLL ‚‚ ‚ 1.2‰‰‰ÑÑÑ 333 2� ** * 3� mmm ………§§§ •• • ZZZ [[ [ ÜÜÜ žžž ùùù ÊÊÊ ‡‡‡ ·· ·

ÜÜÜ ëëë êêê �� � ŠŠŠ "" " ll l BGPÚÚÚ MSTV ©©© ÛÛÛ LLL ‚‚ ‚ ¥¥¥ ŒŒŒ±±± www ÑÑÑ (( ( JJJ ÄÄÄ ��� ´´ ´ ˜̃̃ ———��� §§§ � 13�� � þþþ •• •

333 3� �� � II I OOO eee ´´ ´ � C"" " UUU ìì ì BGPÚÚÚ MSTV �� � •• • ZZZ [[ [ ÜÜÜ ŠŠŠ §§§ •• • ŒŒŒUUU �� � � 13•• • 4� ½½½ 5� "" " •• • ÒÒÒ

´´ ´ `` ` §§§ sin2 2� 13 � (2 � 3)%§§§ ùùù LLL ²² ² XXX JJJ ¢¢¢ �� � �� � (( ( ¯¯ ¯ ÝÝÝ ŒŒŒ±±± ˆ̂̂ �� � 1%��� êêê þþþ ??? §§§ ÒÒÒ ééé

ŒŒŒUUU ÏÏ Ï LLL ‡‡‡ AAA æææ¥¥¥ ‡‡‡ ff f ¢¢¢ �� � (( ( ½½½ � 13 [35]"" "

2006ccc �� � ©©© ÛÛÛ (( ( JJJ XXX eee ªª ª ¤¤¤ ««« §§§ 333 99%�� � ˜˜ ˜ &&& YYY ²² ² ƒƒƒ eee §§§ � 13�� � uuu 10ÝÝÝ [66]"" "

sin2(2� 13) = 0 � 0:05 ( 1.30)
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Parameter (BGP [64]) Best �t 2� interval 3� interval

� m2
21 (10� 5 eV2) 7.1 6.2{8.2 5.5{9.7

� m2
32 (10� 3 eV2) 2.6 1.8{3.3 1.4{3.7

tan2 � 12 0.42 0.34{0.54 0.30{0.63

tan2 � 23 1.0 0.61{1.7 0.45{2.3

sin2 � 13 (sin2 2� 13) 0.009 (0.036) � 0.036 � 0.053

Parameter (MSTV [65]) Best �t 2� interval 3� interval

� m2
21 (10� 5 eV2) 6.9 6.0{8.4 5.4{9.5

� m2
31 (10� 3 eV2) 2.6 1.8{3.3 1.4{3.7

sin2 � 12 0.30 0.25{0.36 0.23{0.39

sin2 � 23 0.52 0.36{0.67 0.31{0.72

sin2 � 13 (sin2 2� 13) 0.006 (0.024) � 0.035 � 0.054

LLL 1.2: nnn “““ ¥¥¥ ‡‡‡ fff ··· ÜÜÜ ^^^ ‡‡‡ eee §§§ 2� (95% C.L.) *** 3� (99.7% C.L.)§§§ ¥¥¥ ‡‡‡ fff ��� ��� ëëë êêê ��� ••• ZZZ [[[ ÜÜÜ
ŠŠŠ [35]"""

� 13 < 10� (99%Conf idence Level) ( 1.31)

2008ccc •• • ### �� � ©©© ÛÛÛ (( ( JJJ XXX LLL 1.1¤¤¤ ««« §§§ 333 95%�� � ˜˜ ˜ &&& YYY ²² ² ƒƒƒ eee §§§ � 13�� � uuu 11ÝÝÝ [55]"" " ll l ±±±

þþþ ©©© ÛÛÛ www � 13ŒŒŒUUU ééé �� � §§§ CHOOZ¢¢¢ �� � �� � (( ( ¯¯ ¯ ÝÝÝ ÃÃÃ {{ { ÷÷÷ vvv ÿÿÿ þþþ �� � ùùù ‡‡‡ þþþ ��� ‡‡‡ ¦¦ ¦ "" " \\\ „„„

ìì ì ¥¥¥ ‡‡‡ ff f ¢¢¢ �� � ÚÚÚ eee ˜˜ ˜ ““ “ �� � ‡‡‡ AAA æææ¥¥¥ ‡‡‡ fff ¢¢¢ �� � òòò äää kkk •• •ppp ��� (( ( ¯¯ ¯ ÝÝÝ §§§ kkk "" " ‰‰‰ÑÑÑ � 13�� � ÿÿÿ

þþþ (( ( JJJ "" "

\\ \ „„ „ ìì ì ¢¢¢ �� � ¦¦ ¦ ^^^ <<< óóó � � ååå 666 §§§ ²² ² LLL ˜˜ ˜ ½½½�� � ååå lll �� � ¦¦ ¦ ^̂̂ &&& ÿÿÿ ìì ì ÿÿÿ þþþ � e½½½ ööö � � �� � �� �

)) ) AAA ÇÇÇ "" " ØØØ •• • ÄÄÄ ÔÔÔ ŸŸŸ �� � AAA ÚÚÚ CPƒƒƒ �� � œœœ¹¹¹ eee §§§ ùùù 

 
 ��� ))) AAA ÇÇÇ CCC qqq LLL ««« ••• [38]µµµ

P(� � ! � � ) = sin 2 2� 23 cos4 � 13 sin2[1:27� m2
32L=E] ( 1.32)

P(� � ! � e) = sin 2 2� 13 sin2 � 12 sin2[1:27� m2
32L=E] ( 1.33)

ddduu u � 13ééé �� � §§§ ééé uuu � � ! � � �� � ¥¥¥ ‡‡‡ ff f �� � )) )¢¢ ¢ �� � §§§ ŒŒŒ±±± ÿÿÿ þþþ �� � �� � «««¥¥ ¥ ‡‡‡ ff f ·· · ÜÜÜ �� � ���

AAA "" " 

 
 � � ! � e�� � �� � �� � LLL §§§ ŒŒŒ±±± ÿÿÿ þþþ � 13ÚÚÚ CPƒƒƒ �� � §§§ �� � �� � �� � �� � �� � AAA ÇÇÇ •• • µµµ

P(� � ! � e) = sin 2 2� 13 sin2 � 23 sin2[1:27� m2
32L=E]

+ sin2 2� 13 cos2 � 23 sin2[1:27� m2
21L=E]

� (+) J sin(� ) sin[1:27� m2
32L=E]

+ J cos(� ) cos[1:27� m2
32L=E] ( 1.34)
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ªª ª ¥¥¥ �� � J•• • JarlskogØØØCCC þþþ §§§ ééé uuu ¥¥¥ ‡‡‡ fff �� � �� � ���1 11 nnn ‘‘ ‘ ��� KKK §§§ ééé uuu ‡‡‡ ¥¥¥ ‡‡‡ fff �� � �� � ���1 11

nnn ‘‘ ‘ �� � �� � [38]"" " ¦¦ ¦ +++ \\ \ „„ „ ìì ì ¢¢¢ �� � ddduu u ¢¢¢ �� � LLL §§§ §§§ �� � .. . ›› › ›› › ååå 555 NNN ´´ ´ §§§ ¢¢¢ �� � þþþ ŒŒŒ±±±

ˆˆ ˆ �� � ééé ppp �� � °° ° ÝÝÝ ¶¶¶ �� � ´´ ´ ll l úúú ªª ª 1.34¥¥¥ www ÑÑÑ §§§ \\ \ „„ „ ìì ì ¥¥¥ ‡‡‡ ff f ¢¢¢ �� � ÿÿÿ þþþ � 13žžž §§§ ¡¡ ¡ �� � �� � ˜˜ ˜

‡‡‡ •• • ŒŒŒ�� � (( ( JJJ ´´ ´ ëëë êêê ��� {{ { ¿¿¿ ¯̄¯ KKK """ ddd 333 ��� nnn ««« ëëë êêê {{ { ¿¿¿ ´́́ [67]: £££ i¤¤¤££ £ �; � 13¤¤¤ ØØØ (( (

½½½ §§§££ £ ii¤¤¤ ¥¥¥ ‡‡‡ ff f ŸŸŸ þþþ �� � ??? ØØØ (( ( ½½½ £££ � m2
32�� � ÎÎ Î ÒÒÒ ØØØ (( ( ½½½ ¤¤¤§§ §££ £ iii ¤¤¤££ £ � 23; �

2 � � 23¤¤¤ ØØØ

(( ( ½½½ "" " ùùù 

 
 ÑÑÑ�� � ———íí í äää � CP ÚÚÚ � 13 ´´ ´ ééé (( ( JJJ �� � "" "

‡‡‡ AAA æææ¥¥¥ ‡‡‡ ff f ¢¢¢ �� � ¥¥¥ §§§ ‡‡‡ >>> ff f ¥¥¥ ‡‡‡ ff f ��� �� � ��� AAA ÇÇÇ LLL ˆˆ ˆ ªªª [38]•• • µµµ

P(~� e ! ~� e) = 1 � cos4 � 13 sin2 2� 12 sin2[1:27� m2
21L=E]

� sin2 2� 13 sin2[1:27� m2
32L=E] ( 1.35)

�� � ÀÀÀ �� � ÜÜÜ ·· · �� � ÄÄÄ ‚‚ ‚ •• • ÝÝÝ £££ &&& ÿÿÿ ììì ÚÚÚ ‡‡‡ AAA æææ��� ååå lll L < 5km¤¤¤ žžž §§§ þþþ ªª ª ¥¥¥ �� �11 1 �� � ‘‘ ‘ ŒŒŒ

±±± �� � ÑÑÑ ØØØ OOO §§§ úúú ªª ª 1.35{{ { zzz •• • úúú ªª ª 1.25§§§ === CCC ¤¤¤ �� � «««¥¥¥ ‡‡‡ fff �� � �� �� �� // / ªªª """ ddd ‡‡‡ AAA æææ¥¥¥

‡‡‡ ff f �� � �� � úúú ªª ª www ÑÑÑ §§§ ¦¦ ¦ ^^^ ‡‡‡ AAA æææuuu ÑÑÑ �� � ‡‡‡ >>> ff f ¥¥¥ ‡‡‡ fff &&& ÿÿÿ ¥¥¥ ‡‡‡ ff f ��� �� � �� � AAA ØØØ •• • 333 ëëë

êêê {{ { ¿¿¿ �� � ¯¯ ¯ KKK §§§ •• • ‡‡‡ ¢¢¢ �� � °° ° ÝÝÝ vvv 

 
 ppp §§§ ÒÒÒ ŒŒŒ±±± (( ( ½½½ � 13�� � ŠŠŠ §§§ §§§ ´´ ´´´ ´ ÿÿÿ þþþ CP»»» €€€ �� �

'' ' ………§§§ ll l úúú ªª ª 1.34ÚÚÚ úúú ªª ª 1.35�� �éé é '' ' §§§ ŒŒŒ•• • XXX JJJ ‡‡‡ AAA æææ¥¥¥ ‡‡‡ ff f ¢¢¢ �� � ÿÿÿ þþþ ÑÑÑ 

 
 � 13§§§ @@@ooo

ééé 888 �� � �� � \\ \ „„ „ ìì ì ¥¥¥ ‡‡‡ ff f ¢¢¢ �� � òòò ¬¬¬ kkk ­­ ­ ‡‡‡ ��� •• • ��� ¿¿¿ÂÂÂ """
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2.1 {{{ 000

ŒŒŒæææ�� � ‡‡‡ AAA æææ¥¥¥ ‡‡‡ ff f ¢¢¢ �� � ÒÒÒ ´´ ´ ||| ^^^ ··· II I22 2 ÀÀÀ ŽŽŽ� �� eee ½½½ �� � ŒŒŒæææ��� ØØØ >>> ÕÕÕ ‡‡‡ AAA æææ°°°

(( ( ÿÿÿ þþþ ¥¥¥ ‡‡‡ ff f ·· · ÜÜÜ �� � � 13"" " ŒŒŒæææ�� � ØØØ >>> ÕÕÕ �� � ¢¢¢ µµµ ããã ¡¡ ¡ XXX ããã 2.1¤¤¤ ««« §§§ ‡‡‡ AAA æææïï ï 333 °° ° TTT §§§

˜˜ ˜ ýýý ;; ; �� � ppp ìì ì §§§ •• • ppp ??? ååå ll l ØØØ >>> ÕÕÕ�� � 3úúú ppp !! ! °° ° ooo 707’’ ’ "" " ŒŒŒæææ �� � ØØØ >>> ÕÕÕ 888 ccc �� � 333

$$$ 111 �� � ŒŒŒæææ �� � ÚÚÚ ** * eee üüü ??? ��� 4‡‡‡ ‡‡‡ AAA æææ §§§ 999 õõõ ÇÇÇ 11.6GW"" " �� � 333 ïïï ��� ¥¥¥ �� � *** eee �� � ÏÏÏ ØØØ

>>> ÕÕÕ 999 õõõ ÇÇÇ •• • 5.8GW§§§ kkk üüü ‡‡‡ ‡‡‡ AAA æææ§§§ ýýý OOO �� � 2010ccc ÝÝÝ \\ \ $$$ 111 "" " ll l ¢¢¢ �� � ÀÀÀ ŒŒŒ// /:: : 555

ããã 2.1: ŒŒŒæææ ��� ØØØ >>> ÕÕÕ ��� ¢¢¢ µµµ ããã ¡¡¡ """

www §§§ ŒŒŒæææ�� � ØØØ >>> ÕÕÕ kkk ééé ppp �� � 999 õõõ ÇÇÇ §§§ NNN CCC �� � ìì ì •• • ¢¢¢ ��� JJJ øøø 


 ìì ì NNN CCCXXX §§§ ÏÏÏ dddŒŒŒæææ���

‡‡‡ AAA æææ¥¥¥ ‡‡‡ ff f ¢¢¢ �� � kkk XXX �� � UUU ÕÕÕ þþþ �� � ^^^ ‡‡‡ """

ŒŒŒæææ�� � ‡‡‡ AAA æææ¥¥¥ ‡‡‡ ff f ¢¢¢ �� � ��� ÌÌÌ ‡‡‡ 888 �� � ´́́ ^^^ ŒŒŒæææ�� � ØØØ >>> ÕÕÕ °° ° ((( ÿÿÿ þþþ sin2 2� 13§§§ ¢¢¢ �� �

�� � ÔÔÔ nnn 888 II I ´´ ´ 333 90%�� � ˜̃̃ &&& ««« mmm SSS §§§ ÿÿÿ þþþ sin2 2� 13�� � (( ( ¯¯ ¯ ÝÝÝ�� � 0.01½½½ �� � uuu 0.01"" " ¥¥¥ ‡‡‡ ff f

¢¢¢ �� � �� � OOO �� � ƒƒƒ '' ' SSS NNN 555 ggg �� � ccc ‡‡‡ �� � ŒŒŒæææ ��� ¥¥¥ ‡‡‡ ff f ¢¢¢ ��� �� � EEE âââ�� � OOO ÖÖÖ [68]"" "

13
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2.2 ¢¢¢ ��� ��� OOO

ŒŒŒæææ�� � ¢¢¢ �� � �� � OOO �� � ÔÔÔ nnn 888 II I ´´ ´ ‡‡‡ ¦¦ ¦ ééé uuu sin2 2� 13ÿÿÿ þþþ �� � °° ° ÝÝÝ ‡‡‡ �� � 0.01§§§ '' ' CHOOZ‰‰‰

ÑÑÑ �� � sin2 2� 13 < 0:17 �� � þþþ •• • �� � 

 
 ˜˜ ˜ ‡‡‡ þþþ ??? §§§ ÏÏ Ï ddd ¢¢¢ �� � °°° ÝÝÝ •••‡‡‡ '' ' CHOOZ¢¢¢ �� � ppp ˜˜ ˜ ‡‡‡

þþþ ??? §§§ ¢¢¢ �� � II I ‡‡‡ îî î ‚‚ ‚ �� � ›› › ›› › XXX ÚÚÚ ØØØ �� � "" " •• • 

 
 ›› › ›› › XXX ÚÚÚ ØØØ �� � ÚÚÚ �� � .. . §§§ ¢¢¢ �� � ��� ��� OOO kkk XXX

eee AAA :: : µµµ

1. ¢¢¢ �� � æææ^^^ nnn ‡‡‡ &&& ÿÿÿ ìì ì §§§ üüü ‡‡‡ CCC :: : &&& ÿÿÿ ìì ì §§§ ˜˜ ˜ ‡‡‡ �� � :: : &&& ÿÿÿ ìì ì "" " üüü ‡‡‡ CCC :: : &&& ÿÿÿ ìì ì ©©©

OOO ééé ŒŒŒæææ �� � ÚÚÚ ** * eee �� � ‡‡‡ AAA æææ ¥¥¥ ‡‡‡ fff ??? 111 ÿÿÿ þþþ §§§ ùùù ��� �� � �� � OOO ŒŒŒ±±± žžž ØØØ (••• •• • 333 ˜̃̃

‡‡‡ ‡‡‡ AAA æææžžž )½½½ ööö ÜÜÜ ©©© žžž ØØØ (õõõ ‡‡‡ ‡‡‡ AAA æææ•• • 333 žžž )‡‡‡ AAA æææƒƒƒ '' ' �� � XXX ÚÚÚ ØØØ �� � "" " ¢¢¢ �� � ÙÙÙ

ÛÛÛ XXX ããã 2.2¤¤¤ ««« "" "

ããã 2.2: ŒŒŒæææ ��� ¢¢¢ ��� ÙÙÙ ÛÛÛ """ CCC ��� ::: &&& ÿÿÿ ììì ˜˜˜ ˜˜˜ 333 ììì JJJ ¥¥¥ ��� ¢¢¢ ��� eee SSS §§§ ddd YYY ²²² ˜˜˜ ��� ƒƒƒ ëëë """

2. õõõ �� � ¬¬¬ zzz �� � ‡‡‡ ¥¥¥ ‡‡‡ ff f &&& ÿÿÿ ìì ì "" " 333 ØØØ ÓÓÓ ¢¢¢ �� � :: : ¦¦ ¦ ^^^ �� � ÓÓÓ �� � ‡‡‡ ¥¥¥ ‡‡‡ ff f &&& ÿÿÿ ìì ì �� � ¬¬¬ §§§

¢¢¢ yyy ˆˆ ˆ‡‡ ‡ &&& ÿÿÿ ìì ì �� � ¬¬¬ ƒƒƒ mmm �� � ƒƒƒ ppp uuu �� � §§§ ¿¿¿ ŒŒŒ±±± uuu �� � &&& ÿÿÿ ìì ì ��� XXX ÚÚÚ ØØØ �� � """

3. vvv 

 
 �� � ìì ì NNN CCCXXX ÚÚÚ YYY ¶¶¶ -- - "" " vvv 

 
þþ þ �� � ìì ì NNN CCCXXX �� � UUU 

 
 ~~~ �� � ‰‰‰»»» ‚‚ ‚ � ff f �� � 666 rr r §§§

vvv 

 
 �� � &&& ÿÿÿ ìì ì YYY ¶¶¶ -- - �� � ŒŒŒ±±± ééé ŒŒŒ§§§ ÝÝÝ// / ~~~ �� � ‚‚ ‚ ¸¸ ¸ ñññ œœœ¥¥¥ �� � UUU ,, , ˜˜ ˜ �� � 555 �� � .. . ÚÚÚ ‰‰‰

»»» ‚‚ ‚ � ff f 333 ‚‚ ‚ ¸¸ ¸ ñññ œœœ¥¥¥ �� � )) ) �� � ¥¥¥ ff f �� � .. . "" "

4. ¦¦ ¦ ^^^ õõõ ««« ÕÕÕ ááá �� � ‰‰‰»»» ‚‚ ‚ � ff f &&& ÿÿÿ ìì ì "" " � ff f ‡‡‡ÎÎ Î ÜÜÜ &&& ÿÿÿ ìì ì XXX ÚÚÚ �� � &&& ÿÿÿ ��� ÇÇÇ III ‡‡‡ ÐÐÐ

uuu 99.5%"" " üüü ««« ÕÕÕ ááá �� � � ff f &&& ÿÿÿ ìì ì UUU 

 
 �� ��� � •• • ÐÐÐ �� � &&& ÿÿÿ �� � ÇÇÇ §§§ 

 
 ………ØØØ ÓÓÓ&&& ÿÿÿ ìì ì XXX

ÚÚÚ mmm ŒŒŒ±±± ƒƒƒ ppp uuu �� � "" "
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5. ŒŒŒ±±±££ £ ÄÄÄ�� � &&& ÿÿÿ ìì ì �� � ¬¬¬ "" " �� � ¬¬¬ zzz �� � ‡‡‡ ¥¥¥ ‡‡‡ ff f &&& ÿÿÿ ìì ì �� � OOO ¦¦ ¦ �� � üüü ‡‡‡ ‡‡‡ ¥¥¥ ‡‡‡ ff f &&& ÿÿÿ

ìì ì äää kkk �� � �� � �� � NNN ÈÈÈ ÚÚÚ ŸŸŸ þþþ §§§ ll l 

 
•• • BBB £££ ÄÄÄ "" " &&& ÿÿÿ ìì ì �� � ¬¬¬ 333�� � :: : ÚÚÚ CCC :: : ƒƒƒ mmm �� � �� �

††† §§§ ŒŒŒ±±± -- - žžž ÜÜÜ ©©© &&& ÿÿÿ ìì ì ƒƒƒ '' ' �� � XXX ÚÚÚ ØØØ ��� "" "

ããã 2.3: � 2©©© ÛÛÛ ��� ¢¢¢ ��� :::     ˜˜˜ ``` zzz ((( JJJ """ ããã ¥¥¥ ‹‹‹ III üüü    ••• m¶¶¶ nnn ��� /// III PPP ••• ``` ¢¢¢ ��� :::     ˜˜˜ ¶¶¶ ÊÊÊ ��� (((
LLL ««« ‡‡‡ AAA æææ     ˜˜˜ ¶¶¶ ††† ‚‚‚ ••• ˆˆˆ ‡‡‡ AAA æææ +++ ¥¥¥ RRR ‚‚‚ ¶¶¶ nnn ��� /// III PPP ±±± ŒŒŒ������ ppp ‚‚‚ LLL ««« ��� ½½½ ÙÙÙ §§§ üüü
‡‡‡ ¢¢¢ ��� :::     ˜˜˜ žžž §§§ ¢¢¢ ��� ((( ¯¯¯ ÝÝÝ ‘‘‘ ùùù ‡‡‡ ¢¢¢ ��� :::     ˜˜˜ ��� CCC zzz ''' XXX ¶¶¶ ��� µµµ ¥¥¥ ������ ppp ‚‚‚ ´´´ ŒŒŒæææ ���
ììì /// ������ ppp ‚‚‚ """

ããã 2.2¥¥¥ ¤¤¤ ««« •• • CCC !! ! �� � :: : &&& ÿÿÿ ììì �� � äää NNN      ˜̃̃ §§§     ˜̃˜ �� � ÀÀÀ �� � ´́́ 333 nnn ÜÜÜ •• • ÄÄÄ ±±± þþþ ¢¢¢ ���

�� � OOO �� � ˆˆ ˆ‡‡ ‡ •• • ¡¡ ¡ �� � §§§ ÄÄÄ uuu ƒƒƒ '' ' �� � �� �[[ [ ÚÚÚ OOO ŽŽŽ §§§ ÏÏ Ï LLL � 2©©© ÛÛÛ •• •{{ { ÄÄÄ ‚‚ ‚ `` ` zzz (( ( ½½½�� � („„ „

ããã 2.3)"" " ¤¤¤ kkkKK K •• • ¢¢¢ �� � :: :      ˜˜ ˜ ÀÀÀ JJJ �� � ÏÏ Ï ƒƒƒ ¥¥¥ §§§ �� � ��� AAA ÇÇÇ ‘‘ ‘ ÄÄÄ ‚‚ ‚ ••• ÝÝÝ��� CCC zzz ´´ ´ ••• ­­ ­ ‡‡‡

�� � §§§ ÙÙÙ §§§ ÏÏ Ï ƒƒƒ „„ „ kkk ŠŠŠ âââää ä NNN ìì ì // / OOO ŽŽŽ ÑÑÑ �� � ‰‰‰»»» �� � ‚‚‚ ��� .. . !! ! ‡‡‡ AAA æææØØØ �� � �� �- -- žžž !! ! �� � OOO

�� � &&& ÿÿÿ ìì ì ØØØ �� � 999 ÚÚÚ OOO ØØØ �� � �� � "" "

2.3 ¢¢¢ ��� ��� &&& ÿÿÿ ììì XXX ÚÚÚ

ŒŒŒæææ�� � ¢¢¢ �� � &&& ÿÿÿ ìì ì ddd üüü ŒŒŒÜÜÜ ©©© ��� ¤¤¤ §§§ ˜˜ ˜ ‡‡‡ ´́´ &&& ÿÿÿ ‡‡‡ AAA æææ‡‡‡ >>> fff ¥¥¥ ‡‡‡ fff �� � ¥¥¥ ‡‡‡ fff

&&& ÿÿÿ ìì ì §§§ === // / ¥¥¥ %%% &&& ÿÿÿ ììì (AD) 000 ¶¶¶ ˜˜ ˜ ‡‡‡ ´́́ &&& ÿÿÿ�� � ...� �� ‰‰‰»»» ‚‚ ‚ � fff &&& ÿÿÿ ììì §§§ === // / ‡‡‡Î ÎÎ

ÜÜÜ XXX ÚÚÚ 000 §§§ ‡‡‡ÎÎ Î ÜÜÜ XXX ÚÚÚ •• • )) )üü ü ‡‡‡ XXX ÚÚÚ §§§ ˜˜ ˜ ‡‡‡ •• • VVV ��� ��� YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ìì ì XXX ÚÚÚ §§§ ,, , ˜̃̃

‡‡‡ •• • 333 YYY ³³ ³ ºº º ÜÜÜ �� � RPC&&& ÿÿÿ ìì ì XXX ÚÚÚ "" "
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2.3.1 ¥¥¥ %%%&&& ÿÿÿ ìì ì XXX ÚÚÚ

¥¥¥ %%% &&& ÿÿÿ ìì ì ^^^ �� � Gd�� � ———NNN ððð ccc NNN ‰‰‰qqq ÔÔÔ ŸŸŸ §§§ ÏÏÏ LLL ‡‡‡ � PPP CCC &&& ÿÿÿ ‡‡‡ AAA æææ ˜˜ ˜ ÑÑÑ �� � ‡‡‡

>>> ff f ¥¥¥ ‡‡‡ ff f "" " ŒŒŒæææ�� � ¢¢¢ �� � �� � kkk ll l ‡‡‡ ùùù �� � �� � ¥¥¥ %%%&&& ÿÿÿ ììì �� � ¬¬¬ §§§ ŒŒŒæææ��� ÚÚÚ ** * eee üüü ‡‡‡ CCC :::

¢¢¢ �� � eee ˆˆ ˆ kkk üüü ‡‡‡ §§§ ��� ::: ¢¢¢ �� � eee kkk ooo ‡‡‡ "" " ¥¥¥ %%% &&& ÿÿÿ ìì ì ��� ÎÎÎ†† † »»» 5m§§§ ppp 5m§§§ &&& ÿÿÿ ììì ˜̃̃

�� � ©©© •• • nnn �� � (ããã 3.47ÚÚÚ ããã 3.48¤¤¤ ««« )§§§ ddd SSS �� � 		 	 •• • ggg ´´ ´ µµµ �� � jj j ———ððð �� � !! ! ÊÊÊ ÏÏ Ï ———ððð ��� !! ! ¶¶¶

ÔÔÔ hhh �� � §§§ ÙÙÙ mmm �� � kkk nnn ‡‡‡ -- - GGG �� � NNN ìì ì ©©© ………ÚÚÚ || |      ùùù nnn ��� ———NNN µµµ •• • SSS ��� ÚÚÚ ggg SSS ��� ´´ ´ kkk ÅÅÅ

ÀÀÀ æææ›› › ¤¤¤ �� � NNN ìì ì §§§ •• • 		 	 �� � ´´ ´ ØØØ CCC ggg ›› › �� � 		 	 -- - §§§ ¶¶¶ ÔÔÔ hhh �� � ¥¥¥ ;;; bbb kkk ÅÅÅ ÀÀÀ æææ--- þþþ eee LLL ¡¡¡

�� � ´´ ´ ‡‡‡ �� � ††† "" " I««« •• • ¹¹ ¹ Gd0.1%———NNN ððð ccc NNN 20ëëë §§§ ´´ ´ &&& ÿÿÿ ¥¥¥ ‡‡‡ ff f �� � kkk �� � qqq ŸŸŸ þþþ ¶¶¶ II ««« ´́́

ÊÊÊ ÏÏ Ï ———ððð �� � §§§ ÙÙÙ ŠŠŠ ^^^ ´´ ´ 999 ÏÏ Ï ÂÂÂ 888 �� � jj j ———ððð �� � ¥¥¥¥¥ ¥ fff ÐÐÐ ¼¼¼ uuu ÑÑÑ 111 ff f ��� UUU þþþ §§§ ��� yyy ddd SSS

kkk ÅÅÅ ÀÀÀ æææ-- - ½½½ ÂÂÂ �� � �� � jj j ———ððð ÒÒÒ ´´ ´ ‡‡‡ >>> ff f ¥¥¥ ‡‡‡ ff f &&& ÿÿÿ ��� qqq §§§ ÐÐÐ ??? ´´ ´ ØØØ II I ‡‡‡     ˜̃̃­­ ­ ïï ï 555

(( ( ½½½ ¥¥¥ ‡‡‡ ff f qqq �� � kkk �� � NNN ÈÈÈ (�ducial volume) §§§ ¥¥¥ ‡‡‡ ff f qqq ŸŸŸ þþþ EEE ¤¤¤ �� � XXX ÚÚÚ ØØØ �� � •• • ûûû ½½½ uuu

ŸŸŸ þþþ ÿÿÿ þþþ �� � °° ° ÝÝÝ ¶¶¶ III ««« ´´ ´ ¶¶¶ ÔÔÔ hhh �� � §§§ ¶¶¶ ÔÔÔ hhh ��� ŠŠŠ ^^^ ´´ ´ ¶¶¶ --- ddduu u 111 >>> �� � OOO +++ ÀÀÀ æææ½½½ ööö

ÙÙÙ §§§ || | ¤¤¤ ááá �� � ±±± 999 ØØØ CCC ggg 		 	 -- - ¥¥¥ ŒŒŒUUU ��� UUU ,, , ˜̃̃ �� � 555 ��� .. . """

zzz ‡‡‡ &&& ÿÿÿ ìì ì kkk 192‡‡‡ 111 >>> �� � OOO +++ (©©© ¥¥¥ {{ { ¡¡ ¡ PMT) SSS CCC 333 ¶¶¶ ÔÔÔ hhh �� � ¥¥¥ ©©© •• • 8�� �      uuu &&&

ÿÿÿ ìì ì �� � ýýý99 9 þþþ §§§ 111 >>> �� � OOO +++11 1 >>> ¡¡ ¡ ŠŠŠ •• • ¥¥¥ %%%———ððð "" " 111 ÒÒÒ 444 kkk �� � CCCXXX ÇÇÇ •• • 12%§§§ ^^^uu u

�� � ÂÂÂ 555 ggg (( ( ¯¯ ¯ &&& ÿÿÿ ««« 555 �� � 111 &&& ÒÒÒ "" " ‡‡‡ �� � ††† �� � 888 �� � ´́´ ~~~ �� � 111 >>> �� � OOO +++ £££ ¤¤¤ ��� ¤¤¤ �� � ccc JJJ

eee §§§ OOO \\ \ 111 �� � kkk �� � ÂÂÂ 888 §§§ �� � yyy ééé (( ( ¯¯ ¯ &&& ÿÿÿ ««« kkk vvv 

 
 �� � &&& ÿÿÿ �� � ÇÇÇ "" " ããã ¥¥¥ ˆˆ ˆ �� � �� � þþþ ààà

ããã 2.4: ¥¥¥ %%% &&& ÿÿÿ ììì ��� ƒƒƒ ¡¡¡ ããã """
ããã 2.5: ééé ¥¥¥ %%% &&& ÿÿÿ ììì ��� ::: ÀÀÀ ããã §§§ nnn

��� ((( ��� """

XXX þþþ �� � ÝÝÝ ff f •• • )) ) 

 
 ggg ÄÄÄ •• • ÝÝÝ CCC ˜˜ ˜ ÚÚÚ ÄÄÄ 666 -- - §§§ ggg ÄÄÄ ••• ÝÝÝ CCC ˜˜ ˜ ••• &&& ÿÿÿ ììì II I ½½½ XXX ÚÚÚ �� � ˜˜ ˜ ÜÜÜ

©©© §§§ ———µµµ �� � ÄÄÄ 666 -- - •• • 

 
 ““ “ ŽŽŽ §§§ ÝÝÝ CCC zzz ÚÚÚ ååå &&& ÿÿÿ ìì ì SSS ———ððð ÄÄÄ ÑÑÑ §§§ �� � yyy &&& ÿÿÿ ììì qqq ŸŸŸ þþþ ØØØ

CCC "" "
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‡‡‡ >>> ff f ¥¥¥ ‡‡‡ ff f &&& ÿÿÿ �� � nnn ´´ ´ ‡‡‡ AAA •• • §§§ ªªª 2.1(ããã 2.6)"" "

�� e + p ! e+ + n ( 2.1)

ããã 2.6: ‡‡‡ � PPP CCC ««« ¿¿¿ ããã

333 &&& ÿÿÿ ìì ì ¥¥¥ ‡‡‡ � PPP CCC )) ) ¤¤¤ �� � >>> ff f ¿¿¿ �� � ))) ¯¯ ¯ &&& ÒÒÒ §§§ ‡‡‡ AAA ))) ¤¤¤ �� � ¥¥¥ ff f ²² ² LLL úúú zzz� �� �� � ———

ððð ¥¥¥ �� � •• • ½½½ ööö jj j ÐÐÐ ¼¼¼ §§§ ©©© OOO ˜˜ ˜ ÑÑÑ 2.2MeVÚÚÚ 8MeV�� � ³³ ³ ççç 111 ff f §§§ // / ¤¤¤ úúú &&& ÒÒÒ §§§ ùùù ´´ ´ ‡‡‡ >>>

ff f ¥¥¥ ‡‡‡ ff f �� � &&& ÒÒÒ AAA ��� "" " ddduuu jjj ÐÐÐ ¼¼¼ ¥¥¥ fff ��� �� � ¡¡ ¡ ééé ŒŒŒ§§§ 333 ¹¹ ¹ jjj þþþ •• • 0.1%�� � ———ððð ¥¥¥ §§§ ¥¥¥

ff f 333 jj j þþþ �� � ÐÐÐ ¼¼¼ žžž mmm ~~~ êêê �� � •• • 28‡‡‡ ¦¦ ¦ £££ ¥¥¥ ff f 333 ØØØ ¹¹¹ Gd———ðððþ þþ ÐÐÐ ¼¼¼ žžž mmm 210us)§§§ ùùù ���

ŒŒŒŒŒŒ     ááá 

 
 ¥¥¥ ‡‡‡ ff f üüü ‡‡‡ ff f ¯¯ ¯ ~~~ �� � žžž mmmmmm ………§§§ kkk || | uuu ~~~ �� � ‘‘ ‘ ÅÅÅ ÎÎ Î ÜÜÜ ‘‘‘ 555 �� � ��� ... ÚÚÚ JJJ ppp

¥¥¥ ff f ÐÐÐ ¼¼¼ �� � ÇÇÇ §§§ GdÐÐÐ ¼¼¼ ¥¥¥ ff f §§§ òòò ˜̃̃ ÑÑÑ 3-4‡‡‡ ooo UUU þþþ ••• 8MeV�� � 
 111 ff f §§§ ‚‚‚ ¸̧̧ UUU ,, , ˜˜ ˜ ��� 555

�� � .. . UUU þþþ ˜˜ ˜ „„ „ ÑÑÑ �� � uuu 3.5MeV§§§ ùùù ‡‡‡ UUU þþþ �� � ppp uuu UUU ,, , ˜˜ ˜ �� � 555 �� � �� � .. . &&& ÒÒÒ �� � UUU þþþ §§§ ùùù �� �

ŒŒŒ±±± ŒŒŒŒŒŒ~~~ �� � �� � .. .�� � ¯¯ ¯ ~~~ ÇÇÇ §§§ kkk || | uuu üüü $$$ &&& ÿÿÿ ìì ì �� � ... §§§ OOO \\ \ &&& DDD '' ' """

2.3.2 ‡‡‡ÎÎ Î ÜÜÜ XXX ÚÚÚ

2.3.2.1 ‡‡‡ÎÎÎ ÜÜÜ &&& ÿÿÿ ììì

ŒŒŒæææ �� � ¥¥¥ ‡‡‡ ff f ¢¢¢ �� � �� � �� � .. . ÌÌ Ì ‡‡‡ 555 

 
 uuu‰‰‰»»» �� � ‚‚ ‚ �� � )) ) �� � � ff f §§§ ~~~ �� � ùùù aaa �� � .. .�� � ÌÌ Ì

‡‡‡ •• •{{ { ´´ ´ òòò &&& ÿÿÿ ìì ì ˜˜ ˜ ˜˜ ˜ 333 // / eee ±±± (( ( �� � &&& ÿÿÿ ìì ì kkk vvv 


þ þþ ÝÝÝ�� � ñññ œœœCCCXXX "" " ¢¢¢ ��� eee ±±± ŒŒŒ���

ñññ œœœ¬¬¬ ÚÚÚ ååå ˜˜ ˜ �� � 555 �� � �� � .. . §§§ ¬¬¬ ººº ˜˜ ˜ ÑÑÑ ŒŒŒþþþ ��� 
 111 fff §§§ 


 ………� ff f BBB LLL ¢¢¢ �� � eee ±±± ŒŒŒ��� ñññ œœœ

žžž ¬¬¬ uuu )) ) ØØØ ÑÑÑ �� � �� � )) ) ¥¥¥ ff f §§§ •• • UUU // / ¤¤¤ �� � .. . §§§ kkk �� � �� � •• •{{ { ÒÒÒ ´́´¦ ¦¦ ^^^ YYY ¶¶¶ --- §§§ EEE ddd $$$



 
 ………kkk �� � §§§ ¤¤¤ ±±± ·· · ‚‚‚ ^̂^ 2:5mþþþ ��� YYY •• • ŒŒŒ¥¥¥ %%%&&& ÿÿÿ ìì ì §§§ UUU þþþ 333 1� 2MeV ††† mmm �� � 
 111 ff f

BBB LLL 2:5m�� � YYY ¶¶¶ -- - �� � �� � §§§ ñññ œœœ¥¥¥ ºº º ˜˜ ˜ ÑÑÑ ��� 
 111 fff ��� êêê þþþ �� � ØØØ $$$ 


 6‡‡‡ êêê þþþ ??? (ããã 2.7¤¤¤

««« )§§§ UUU 

 
 ššš ~~~ kkk �� � �� � ØØØ $$$ ˜˜ ˜ �� � 555 �� � .. . "" "

ddd 		 	 §§§ YYY ¶¶¶ -- - �� � „„„ UUU ¶¶¶ -- - 333 YYY ³³³ 			 555 ggg ñññ œœœ¥¥¥ �� � ¥¥¥ fff §§§ XXX ããã 2.8¤¤¤ ««« §§§ ŒŒŒ±±± òòò ñññ

œœœ¥¥¥ ff f ‘‘ ‘ 555 �� � �� � .. . ØØØ $$$ AAA �� � §§§ YYY ¶¶¶ -- - �� � „„ „ òòò ¥¥¥ %%%&&& ÿÿÿ ìì ì ††† ˜̃̃ íí í ………ýýý mmm 555 §§§ ŒŒŒ±±± üüü $$$

˜˜ ˜ íí í ¥¥¥ �� � �� � íí í ‘‘ ‘ 555 �� � �� � .. . "" " ‰‰‰»»» ‚‚ ‚ 333 YYY ¥¥¥ �� � )) ) �� � ¯̄¯ ¥¥¥ ff f '' ' ééé ¯¯ ¯ ~~~ ¬¬¬ // / ¤¤¤ ¥¥¥ ‡‡‡ ff f ––– ¯̄̄

~~~ §§§ ´´ ´ ÌÌ Ì ‡‡‡ �� � ddd 333 �� � .. . §§§ ÏÏ Ï ddd ¢¢¢ �� � æææ^^^ ooo ±±± YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ìì ì !! ! ººº ÜÜÜ ppp {{{ 555 ††† &&& ÿÿÿ
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ããã 2.7: YYY þþþ ÝÝÝ ††† 
 ��� ...��� ''' XXX """

ããã 2.8: YYY þþþ ÝÝÝ ††† ¥¥¥ fff ��� ...��� ''' XXX """

ìì ì (RPC) �� � ééé ÜÜÜ &&& ÿÿÿ XXX ÚÚÚ 555 II I PPP BBB LLL YYY ¶¶¶ --- �� � ��� � fff ¯¯ ¯ ~~~ """ ŠŠŠ âââ III PPP ����� � �� � ... ¯¯ ¯ ~~~ ���

UUU ÌÌ Ì ÚÚÚ ééé ÜÜÜ &&& ÿÿÿ XXX ÚÚÚ �� � &&& ÿÿÿ �� � ÇÇÇ §§§ ŒŒŒ±±± íí í ŽŽŽ ÑÑÑ ™™™��� ééé ÜÜÜ &&& ÿÿÿ ìì ì II I PPP �� ��� � ��� ... ¿¿¿ òòò ÙÙÙ

žžž ØØØ "" " ããã 2.9www ««« �� � ´´ ´ �� � :: : &&& ÿÿÿ ìì ì YYY ³³ ³ ff f ««« ¿¿¿ ããã §§§ ¥¥¥ %%%&&& ÿÿÿ ìì ì ��� ¬¬¬ EEE ��� 333 YYY ³³ ³ fff ¥¥¥ "" "

ããã 2.9: ŒŒŒæææ ��� ¥¥¥ ‡‡‡ fff ¢¢¢ ��� &&& ÿÿÿ ììì ��� ««« ¿¿¿ ããã """

ããã 2.10: ŒŒŒæææ ��� ��� ::: &&& ÿÿÿ ììì ��� ÅÅÅ ��� ((( ��� ããã (:::
ÀÀÀ )"""

ŒŒŒæææ �� � �� � :: : �� � YYY ³³ ³ §§§ XXX ããã 2.10¤¤¤ ««« §§§ YYY ³³ ³ // / GGG •• • ll l �� � // / §§§ •• • 16’’ ’ !! ! °° ° 16’’ ’ !! !

ppp 10’’ ’ §§§ •• • 

 
 �� � yyy¥¥ ¥ %%%&&& ÿÿÿ ìì ì ±±± ŒŒŒ�� � YYY •• • �� � kkk 2.5’’ ’ þþþ §§§ �� � KKK ooo ‡‡‡ �� � �� � >>> •• • •• • 2.93m"" "

CCC :: : ??? �� � YYY ³³ ³ ff f ŒŒŒ�� � •• • •• • 16’’ ’ !! ! °° ° 10’’ ’ !! ! ppp 10’’ ’ §§§ •• • •• • ll l �� � // / §§§ �� � KKK�� � ooo ‡‡‡ �� � �� �



2.3. ¢¢¢ ��� ��� &&& ÿÿÿ ììì XXX ÚÚÚ 19

LLL 2.1: ŒŒŒæææ ��� ¢¢¢ ��� ��� ÔÔÔ nnn 888 III ééé ‡‡‡ÎÎÎ ÜÜÜ XXX ÚÚÚ ��� ‡‡‡ ¦¦¦

ééé ‰‰‰»»» ��� ‚‚‚ � fff ��� ééé ÜÜÜ kkk ��� ��� &&& ÿÿÿ ��� ÇÇÇ � 99:5%

ééé ‰‰‰»»» ��� ‚‚‚ � fff ��� ééé ÜÜÜ &&& ÿÿÿ ��� ÇÇÇ ��� ØØØ ((( ½½½ÝÝÝ � � 0:25%

‘‘‘ ÅÅÅ ÎÎÎ ÜÜÜ ��� kkk žžž mmm � 25%§§§ ;;; ••• KKK •••XXX ÚÚÚ ��� ÚÚÚ OOO °°° ÝÝÝ

‘‘‘ ÅÅÅ ÎÎÎ ÜÜÜ ��� kkk žžž mmm ��� ØØØ ((( ½½½ÝÝÝ � � 0:05%

˜˜˜ mmm ©©© EEE ÇÇÇ ••• 0.5-1m

YYY êêê ÔÔÔ ‰‰‰ÅÅÅ ÚÚÚ RPC&&& ÿÿÿ ììì ��� žžž mmm ©©© EEE ÇÇÇ ©©© OOO ••• µµµ � 2ns§§§ 25ns

YYY ¶¶¶ --- ��� ��� þþþ ÝÝÝ ØØØ ��� uuu 2m

>>> •• • •• • •• • 2.93’’ ’ "" " &&& ÿÿÿ ìì ì ƒƒƒ ¤¤¤ ±±± �� � OOO •• • ll l �� � // / ˜̃˜ •• • ¡¡ ¡ ŒŒŒ±±± ~~~ �� � èèè ïï ï ��� ¤¤¤ ^^^ §§§ ,, , ˜̃̃

•• • ¡¡ ¡ ŒŒŒ±±± kkk || | uuu YYY ÌÌ Ì ‚‚ ‚ "" " ¥¥¥ %%% &&& ÿÿÿ ìì ì �� � ¬¬¬ �� � EEE ˜˜ ˜ 333 CCC kkk ppp XXX YYY �� � YYY ³³³ ppp §§§ ¥¥¥ %%% &&&

ÿÿÿ ìì ì �� � ¬¬¬ ƒƒƒ mmm �� � 1mþþþ �� � YYY ©©© ………"" " ¥¥¥ %%% &&& ÿÿÿ ìì ì ��� ¬¬¬ ååå ³³ ³ 999 ��� ••• �� � ååå lll ••• 2:5m"" " YYY ¶¶¶

-- - �� � �� �ØØ Ø CCC ggggg g eee (( ( �� � þþþ �� � Tyvek‡‡‡ �� � �� � ©©© ………§§§ SSS 		 	 YYY ³³ ³ ÑÑÑ ¦¦ ¦ ^^^ tyvek �� � 555 ŠŠŠ •• • ‡‡‡ �� �

�� � §§§ ………ggg eee (( ( �� � þþþ UUU ˜˜ ˜ mmm      ˜˜ ˜ þþþ !! ! ©©© ÙÙÙ SSS CCC 

 
 ·· · ��� êêê þþþ �� � 111 >>> �� � OOO +++ £££ 111 >>> ¡¡ ¡ CCCXXX

ÇÇÇ 0:8%¤¤¤§§ § �� � ¤¤¤ 

 
 SSS !! ! 		 	 üüü �� � YYY êêê ÔÔÔ ‰‰‰ÅÅÅ &&& ÿÿÿ ìì ì """ YYY ³³³ ��� 		 	 ��� ÚÚÚ .. . ÜÜÜ �� � YYY þþþ þþþ 1m"""

333 YYY ³³ ³ ºº º ÜÜÜ �� � RPCXXX ÚÚÚ §§§ ´´ ´ ddd 2m� 2m�� � �� � ¬¬¬ || | ¤¤¤ §§§ ééé uuu �� � :: :�� � YYY ³³ ³ CCCXXX �� � ¡¡ ¡ ÈÈÈ

•• • 18m� 18m§§§ CCC :: : YYY ³³ ³ CCCXXX ¡¡ ¡ ÈÈÈ •• • 18m� 12m§§§ RPC&&& ÿÿÿ ìì ì 333 ˆˆ ˆ‡‡ ‡ •• • •• • þþþ ÑÑÑ ''' YYY ³³³

õõõ •• • 		 	 òòò �� � 1m±±± ~~~ �� � YYY ³³ ³ >>> ��� ��� ýýý •• • CCCXXX ˜˜ ˜ YYY """ zzz ˜˜ ˜ ‡‡‡ ��� ¬¬¬ ddd 4�� � RPC||| ¤¤¤ §§§ õõõ ���

�� � RPC¦¦ ¦ �� � RPCXXX ÚÚÚ kkk ééé ppp �� � &&& ÿÿÿ �� � ÇÇÇ §§§ bbb �� � üüü �� � �� � RPC &&& ÿÿÿ �� � ÇÇÇ •• • 95%§§§ XXX ÚÚÚ �� �

&&& ÿÿÿ �� � ÇÇÇ •• • 98.6%(XXX ÚÚÚ æææ^^^ �� � ooo ÀÀÀ nnn �� � >>> uuu �� � ªª ª )"" " RPC333 ÖÖÖ ÑÑÑ þþþ æææ^^^ x§§§ y�� � ‘‘ ‘ �� �ÖÖ Ö

ÑÑÑ §§§ ¦¦ ¦ �� � RPCééé uuu � ff f »»» UUU 

 
 kkk ééé ppp �� � ­­­ ïïï °° ° ÝÝÝ (< 10cm)"" " ppp �� � &&& ÿÿÿ �� � ÇÇÇ ÚÚÚ ppp ­­­ ïï ï °°°

ÝÝÝ ¦¦ ¦ �� � RPCUUU 

 
éé éÐÐÐ �� � &&& ÿÿÿ ìì ì � fff ±±± üüü ØØØ � fff ‘‘ ‘ 555 ��� �� � ... """ ,, , 			 §§§ RPCXXX ÚÚÚ ŒŒŒ±±± ÚÚÚ YYY

³³ ³ ƒƒƒ mmm ŒŒŒ±±± ^^^ 555 �� � ÇÇÇ uuu �� � ÚÚÚ ii i ÿÿÿ "" "

üüü �� � YYY êêê ÔÔÔ ‰‰‰ÅÅÅ &&& ÿÿÿ ìì ì ††† RPC&&& ÿÿÿ ìì ì || | ÜÜÜ §§§ ééé � ff f �� � )) ) ¥¥¥ ff f �� � kkk �� � �� � üüü ØØØ �� � ÇÇÇ ŒŒŒ

ˆˆ ˆ �� � 99:5%±±± þþþ §§§ ØØØ �� � �� � uuu 0:25%"" " ùùù �� � �� � OOO âââ ÑÑÑ �� � `` ` ³³ ³ 333 uuu §§§ 333 ¥¥¥ %%%&&& ÿÿÿ ìì ì ±±± ŒŒŒ�� �

??? ÛÛÛ ˜˜ ˜ ??? §§§ ÑÑÑ kkk üüü ‡‡‡ ÕÕÕ ááá �� � ‡‡‡Î ÎÎ ÜÜÜ XXX ÚÚÚ §§§ ŒŒŒ©©© OOO ééé � ff f ??? 111 ÕÕÕ ááá &&& ÿÿÿ §§§ ùùù ��� ŒŒŒ±±± •••

ŒŒŒ‚‚ ‚ �� � �� � yyy ééé � ff f �� � &&& ÿÿÿ "" " ‡‡‡ÎÎ Î ÜÜÜ &&& ÿÿÿ ìì ì „„„ ŒŒŒ±±± ppp ƒƒƒ uuu ��� §§§ ((( ½½½ ˆˆ ˆ ggg ��� &&& ÿÿÿ �� � ÇÇÇ """

ŒŒŒæææ�� � ¢¢¢ �� � �� � ÔÔÔ nnn 888 II I ééé ‡‡‡ÎÎ Î ÜÜÜ XXX ÚÚÚ ��� ‡‡‡ ¦¦ ¦ XXX LLL 2.1¤¤¤ ««« "" "

2.3.2.2 YYY ÌÌÌ ‚‚‚ ÀÀÀ zzz XXX ÚÚÚ

ŒŒŒæææ �� � �� � ¢¢¢ �� � ‡‡‡ÎÎ Î ÜÜÜ YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ìì ì ‡‡‡ ¦¦ ¦ kkk ééé ppp �� � &&& ÿÿÿ ��� ÇÇÇ §§§ ¢¢¢ ��� ÒÒÒ II I ‡‡‡

YYY �� � ßßß ²² ² ÝÝÝ ššš ~~~ ÐÐÐ (> 30’’ ’ )§§§ ˜˜ ˜ „„ „ ggg 555 YYY �� � PPP ~~~ •• • ÝÝÝ •• • kkk 2’’’ ††† mmm §§§ ÏÏ Ï ddd ¢¢¢ ��� II I ‡‡‡

‡‡‡ XXX YYY 555 ‰‰‰&&& ÿÿÿ 000 ŸŸŸ §§§ ‡‡‡ ŽŽŽ •• • ÏÏ Ï ‘‘ ‘ ±±±‡‡ ‡ XXX YYY �� � ŸŸŸ þþþ ÚÚÚ ­­ ­ ½½½ 555 §§§ ¢¢¢ �� � III ‡‡‡ kkk ÌÌ Ì ‚‚ ‚ ÚÚÚ
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LLL 2.2: ˆˆˆ ¢¢¢ ��� :::��� ¥¥¥ ‡‡‡ fff &&& ÿÿÿ ììì ��� ¬¬¬ ��� ¯¯¯ ~~~ êêê ÚÚÚ &&& DDD '''

ŒŒŒæææ ��� CCC ::: *** eee CCC ::: ��� :::

ÄÄÄ ‚‚‚ ••• ÝÝÝ 363m ååå *** eee ‡‡‡ AAA æææ 481m ååå ŒŒŒæææ ��� ‡‡‡ AAA æææ 1985m

ååå *** eee -II ‡‡‡ AAA æææ 526m ååå *** eee ‡‡‡ AAA æææ +++ 1615m

ñññ œœœCCCXXX (m) 98 112 350

UUU ,,, ˜̃˜ ��� 555 (Hz ) < 50 < 50 < 50

� fff OOO êêê ÇÇÇ (Hz ) 36 22 1.2

‡‡‡ ¥¥¥ ‡‡‡ fff ¯̄¯ ~~~ êêê (‡‡‡ / UUU ) 930 760 90

óóó ,,, ÎÎÎ ÜÜÜ ††† ¥¥¥ ‡‡‡ fff ¯̄¯ ~~~ ��� &&& DDD ''' (%) < 0:2 < 0:2 < 0:1

¯̄¯ ¥¥¥ fff ��� ... ††† ¥¥¥ ‡‡‡ fff ¯̄¯ ~~~ ��� &&& DDD ''' (%) 0:1 0:1 0:1
8HeÚÚÚ 9Li ��� ... ††† ¥¥¥ ‡‡‡ fff ¯̄¯ ~~~ ��� &&& DDD ''' (%) 0:3 0:2 0:2

ÀÀÀ zzz XXX ÚÚÚ 555 ‘‘ ‘ ±±± "" " ããã 2.11•• • ŒŒŒæææ �� � �� � ÀÀÀ zzz ÚÚÚ ÌÌ Ì ‚‚‚ XXX ÚÚÚ ��� ˜˜ ˜ ‡‡‡ ««« ¿¿¿ ããã """ ééé uuu CCC :: : YYY

³³ ³ ¦¦ ¦ ^^^ �� � ÀÀÀ zzz / ÌÌ Ì ‚‚ ‚ XXX ÚÚÚ §§§ 666 þþþ zzz �� � žžž •• • 5ëëë /10ëëë §§§ ÙÙÙ ¥¥¥ 5ëëë / zzz �� � žžž ••• ÀÀÀ zzz YYY �� � „„„

ÝÝÝ §§§ 10ëëë / zzz �� � žžž •• • YYY ÌÌ Ì ‚‚ ‚ �� � „„ „ ÝÝÝ ¶¶¶ �� � :: :�� � YYY ³³ ³ ÌÌ Ì ‚‚‚ ÀÀÀ zzz „„ „ ÝÝÝ ••• zzz ��� žžž 8ëëë /16ëëë §§§ YYY

³³ ³ ÌÌ Ì ‚‚ ‚ ˜˜ ˜ ‡‡‡ NNN ÈÈÈ ¤¤¤ II I �� � žžž mmm •• • 5UUU §§§ ÀÀÀ zzz ˜˜ ˜ ‡‡‡ NNN ÈÈÈ ¤¤¤ II I �� � žžž mmm •• • 10UUU "" " 333 ááá �� � �� � ÀÀÀ JJJ

þþþ §§§ ¦¦ ¦ þþþ ÀÀÀ JJJ '' 'ÀÀ À �� �éé é YYY ÀÀÀ // / �� � �� � §§§ ˜˜ ˜ •• • ¡¡ ¡ kkk || | uuu üüü $$$ ÌÌ Ì ‚‚‚ XXX ÚÚÚ ��� ¤¤¤ ^^^ §§§ ,,, ˜˜ ˜ •• • ¡¡¡

ŒŒŒ±±± éééÐÐÐ �� � ‘‘ ‘ ±±± YYY ŸŸŸ §§§ �� � yyy &&& ÿÿÿ ìì ì 555 UUU ��� •• • ÏÏÏ ­­ ­ ½½½ 555 "" "

2.4 ¢¢¢ ��� ��� ��� ... ØØØ ��� ÚÚÚ ýýý ÏÏÏ 888 III

ŒŒŒæææ�� � �� � ¢¢¢ �� � ll l ÀÀÀ :: : §§§ &&& ÿÿÿ ìì ì ��� �� � OOO �� � ••• ¡¡¡ ééé ¢¢¢ �� � ??? 111 `̀̀ zzz §§§ ±±± üüü $$$ ¢¢¢ ��� �� � ØØØ

�� � §§§ LLL 2.2�� � ÑÑÑ 

 
 ŒŒŒæææ�� � ¢¢¢ �� � ¯¯ ¯ ~~~ ÇÇÇ ÚÚÚ ééé �� � .. . ‡‡‡ ¦¦¦ """

ããã 2.12¤¤¤ ««« §§§ ´´ ´ ŒŒŒæææ�� � ¢¢¢ �� � $$$ 111 nnn ccc (( ( ¯¯ ¯ ÝÝÝ ýýý ÏÏ Ï ©©© ÛÛÛ §§§ ùùù ‡‡‡ ããã •• • ÄÄÄ

 
 ±±± þþþ JJJ �� �� ��

ˆˆ ˆ ««« �� � .. . !! ! ÚÚÚ OOO ØØØ �� � ÚÚÚ XXX ÚÚÚ ØØØ �� � �� � �� ��� ��� � ýýý ÏÏ Ï (( ( JJJ """ ããã ¥¥¥ ¢¢¢ ççç ‚‚ ‚ £££ •• •†† † ýýý ¤¤¤ ´´ ´ ŒŒŒæææ

�� � •• • ªª ª ýýý ÏÏ Ï (( ( ¯¯ ¯ ÝÝÝ ­­ ­ ‚‚ ‚ §§§

2.5 ØØØ ©©© ÀÀÀ KKK ��� 888 ��� ÚÚÚ ØØØ ©©© ��� ((( ���

2.5.1 ØØØ ©©© ÀÀÀ KKK �� � 888 �� �

¥¥¥ ‡‡‡ ff f ·· · ÜÜÜ �� � � 13´´ ´ ¥¥¥ ‡‡‡ ff f ÔÔÔ nnn �� � ÄÄÄ �� �ëë ë êêê ƒƒƒ ˜̃̃ §§§ ÙÙÙ êêê ŠŠŠ �� � ŒŒŒ��� òòò ûûû ½½½ ™™™555 ¥¥¥

‡‡‡ ff f ÔÔÔ nnn �� � uuu ÐÐÐ •• • •• • "" " ^^^ ‡‡‡ AAA æææ ÿÿÿ þþþ � 13ØØØ •• • 333 ëëë êêê {{ { ¿¿¿ §§§ ¢¢¢ �� � ÝÝÝ \\ \ �� � §§§ ´´ ´ 888 ccc ÿÿÿ

þþþ � 13•• • kkk �� � �� � •• •{{ { §§§ •• • ´́́ 888 ccc III SSS ¿¿¿ �� � ��� 999 ::: "" " ŒŒŒæææ��� ¥¥¥ ‡‡‡ fff ¢¢¢ �� � [[ [ 333 ··· II I �� � eee ŒŒŒ

æææ �� � ØØØ >>> ÕÕÕ ±±± ŒŒŒÿÿÿ þþþ ¥¥¥ ‡‡‡ fff �� � ··· ÜÜÜ ëëë êêê � 13§§§ ééé sin2(2� 13)ÿÿÿ þþþ °° ° ÝÝÝ •• • 0.01�� � 888 II I §§§ '' '

ƒƒƒ ccc ¢¢¢ �� � �� � °° ° ÝÝÝ ŒŒŒ�� � ppp ˜˜ ˜ ‡‡‡ êêê þþþ ??? "" " �� � ŸŸŸ ØØØ ©©© óóó ŠŠŠ ´́́ �� � ééé ¢¢¢ �� � ¥¥¥ ‡‡‡ÎÎ Î ÜÜÜ YYY êêê ÕÕÕ ………ÅÅÅ
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ããã 2.11: ŒŒŒæææ ��� ¥¥¥ ‡‡‡ fff ¢¢¢ ��� YYY ÌÌÌ ‚‚‚ ÚÚÚ ÀÀÀ zzz XXX ÚÚÚ ««« ¿¿¿ ããã """
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ããã 2.12: 90%̃̃˜ &&& ««« mmm eee sin2 2� 13��� ((( ¯¯¯ ÝÝÝ ÏÏÏ """ ŠŠŠ (††† >>> ççç ‚‚‚ )""" mmm >>> ùùù ‚‚‚ ´´´ ��� ccc CHOOZ¢¢¢ ��� ��� (((
¯¯¯ ÝÝÝ ­­­ ‚‚‚ """

&&& ÿÿÿ ìì ì �� � �� � OOO ÚÚÚ ïï ï ÄÄÄ "" "

2.5.2 ØØØ ©©© �� � (( ( �� �

�� � ŸŸŸ ØØØ ©©© ééé ŒŒŒæææ�� � ‡‡‡ÎÎ Î ÜÜÜ YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ììì �� � ��� OOO ÚÚÚ `` ` zzz §§§ ±±± 999 555 UUU �� � ���[[ [ ‰‰‰

ÑÑÑ •• •[[ [ �� � ??? ØØØ "" " ØØØ ©©© •• •[[ [ ïï ï ÄÄÄ 

 
 ÄÄÄ uuu ŒŒŒæææ�� � YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ìì ì �� � YYY ‡‡‡ �� � ... ¢¢¢ �� � §§§ ???

111 

 
 YYY ‡‡‡ �� � .. . �� � ïï ï EEE §§§ YYY ÌÌ Ì ‚‚ ‚ XXX ÚÚÚ �� � ïï ï ÄÄÄ §§§ ¢¢¢ �� � êêê âââ �� � ©©© ÛÛÛ ÚÚÚ �� �[ [[ ïï ï ÄÄÄ §§§ ùùù 

 
 ééé ŒŒŒ

æææ�� � ¢¢¢ �� � �� � �� � OOO ÚÚÚ &&& ÿÿÿ ìì ì 555 UUU �� � ïï ï ÄÄÄ §§§ êêê âââ ��� ¼¼¼ �� � kkk ­­ ­ ‡‡‡ ��� // / ••• ¿¿¿ÂÂÂ """

UUU ìì ì äää NNN �� � ÙÙÙ !! ! ©©© §§§ ØØØ ©©© �� � (( ( �� � XXX eee µµµ

111 ˜˜ ˜ ÙÙÙ §§§ 000 �� � ¥¥¥ ‡‡‡ ff f ÔÔÔ nnn 999 ¥¥¥ ‡‡‡ ff f �� � ��� ¢¢¢ ��� �� � ??? ÐÐÐ "" "

111 �� � ÙÙÙ §§§ 000 �� � ŒŒŒæææ�� � ‡‡‡ AAA æææ¥¥¥ ‡‡‡ ff f ¢¢¢ ��� "" "

111 nnn ÙÙÙ §§§ 000 �� � ŒŒŒæææ�� � ‡‡‡ AAA æææ¥¥¥ ‡‡‡ ff f ¢¢¢ ��� YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ììì �� � ��� OOO ÚÚÚ `̀̀ zzz """

111 ooo ÙÙÙ §§§ 000 �� � ÄÄÄ uuu ŒŒŒæææ�� � YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ììì 555 UUU �� � ���[[ [ ïïï ÄÄÄ §§§ •• • ))) 


 111 ÆÆÆëëë êêê

ééé &&& ÿÿÿ ìì ì 555 UUU �� � KKK •• • §§§ ±±± 999 �� � ÇÇÇ �� � ƒƒƒ ppp uuu �� � """

111 ÊÊÊ ÙÙÙ §§§ 000 �� � ÄÄÄ uuu ŒŒŒæææ�� � YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ììì �� � YYY ‡‡‡ ��� .. . ¢¢¢ �� � §§§ •• • ))) ééé YYY ‡‡‡ �� � ...
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�� � �� � OOOïï ï EEE §§§ YYY ÌÌ Ì ‚‚ ‚ �� � nnn ØØØ �� � .. . �� � ïï ï ááá §§§ ááá �� � ooo NNN 555 �� � ïï ï ÄÄÄ §§§ ‰‰‰»»» ‚‚ ‚ � ff f êêê âââ �� � ¼¼¼

�� � ©©© ÛÛÛ ÚÚÚ �� �[[ [ "" "

111 888 ÙÙÙ §§§ ooo (( ( ††† ÐÐÐ "" " "" "
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111 3 ÙÙÙ ŒŒŒæææ ��� YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ììì ��� ��� OOO ÚÚÚ ``` zzz

YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ìì ì •• • uuu ŒŒŒïïï EEE NNN ÈÈÈ ŒŒŒ§§§ ¤¤¤ ^̂^ $$$ §§§ &&& ÿÿÿ �� � ÇÇÇ ppp ��� `` ` ::: §§§ �� � AAA^^ ^uuu

ééé õõõ ¢¢¢ �� � �� � ¥¥¥ "" " ŒŒŒæææ�� � �� � ‡‡‡ÎÎ Î ÜÜÜ XXX ÚÚÚ ¥¥¥ •• • ¦¦ ¦ ^^^ 

 
 YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ììì §§§ ùùù ˜̃˜ ÙÙÙ ÄÄÄ kkk 000

�� ��� � OOO ÚÚÚ `` ` zzz ¥¥¥ ¤¤¤ ¦¦ ¦ ^^^ �� � ^^^ ‡‡‡ §§§ ,, , �� � ééé ¢¢¢ �� � ¥¥¥ �� � AAA ««« ‡‡‡ÎÎ Î ÜÜÜ YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ìì ì •• • YYY

??? 111 ©©© ÛÛÛ ïï ï ÄÄÄ ééé '' ' §§§ ¿¿¿ •• • ªª ª (( ( ½½½ ŒŒŒæææ��� ¢¢¢ �� � &&& ÿÿÿ ìì ì ��� •• • YYY "" "

3.1 êêê ÕÕÕ ………ÅÅÅËËË ��� ��� nnn

˜˜ ˜ ‡‡‡ ‘‘ ‘ >>> âââ ff f ±±± !! ! „„ „ v£££ = � c¤¤¤ BBB LLL òòò �� � XXX êêê •• • n�� � ßßß ²² ² 000 ŸŸŸ žžž §§§ eee §§§ �� � „„ „ ÝÝÝ ‡‡‡

LLL11 1 333 TTT 000 ŸŸŸ¥¥ ¥ �� � ƒƒƒ ééé „„ „ ÝÝÝ (c=n)žžž §§§ òòò �� � ))) ÷÷÷ �� � III ÅÅÅ •• • ccc uuu ��� ��� ËËË ��� | êêê ÔÔÔ ŽŽŽ ÅÅÅËËË

�� � £££ Cherenkov Radiation¤¤¤ "" " ŠŠŠ âââ²² ² ;; ;>> > ^^^ nnn ØØØ §§§ �� � ‘‘‘ >>> âââ fff ÏÏÏ LLL 000 ŸŸŸ žžž §§§ ddduu u >>> ^̂̂

ƒƒƒ ppp ŠŠŠ ^^^ §§§ §§§ UUU ¦¦ ¦ 000 ŸŸŸ¥¥ ¥ �� � �� � ff f ½½½ ´´ ´ ©©© ff f ]] ] žžž 444 zzz """ �� � âââ fff ÏÏ Ï LLL ƒƒƒ �� � §§§ ùùù 


 �� � 444 zzz

�� � �� � ff f ½½½ ´´ ´ ©©© ff f ááá === òòò 444 zzz §§§ òòò 444 zzz �� � UUU þþþ ±±± >>> ^̂^ ËËË �� � // / ªªª uuu �� � ÑÑÑ 555 "" " dddu uu ùùù 

 
 >>>

^^^ ËËË �� � ƒƒƒ mmm �� � ƒƒƒ ZZZ 555 §§§ 333 ˜˜ ˜ ½½½ •• • •• • KKK �� � ±±± \\ \ rr r §§§ lll 


 �� � )) ) êêê ÔÔÔ ŽŽŽ ÅÅÅËËË �� � """ ÏÏÏ ddd kkk eee

�� � �� � ÄÄÄ �� � '' ' XXX ªª ª §§§

cos� c(� ) = [ c=n(� )]=v; ( 3.1)

ÙÙÙ ¥¥¥ � c(� )ÚÚÚ n(� )ÑÑÑ ´´ ´ êêê ÔÔÔ ŽŽŽ ÅÅÅËËË �� � ÅÅÅ •• • � �� � ¼¼¼ êêê "" " �� � )) ) êêê ÔÔÔ ŽŽŽ ÅÅÅËËË �� � �� � ^̂^ ‡‡‡ ´´ ´ v >

c=n§§§ 333 000 ŸŸŸ¥¥ ¥ �� � )) ) êêê ÔÔÔ ŽŽŽ ÅÅÅËËË ��� •• • ��� �� � „„„ ÝÝÝ ��� ¡¡ ¡ ••• êêê ÔÔÔ ŽŽŽ ÅÅÅËËË �� � ��� KKK „„„ ÝÝÝ """ ddd ddd

ŒŒŒ•• • XXX JJJ ÿÿÿ ÑÑÑ êêê ÔÔÔ ŒŒŒÅÅÅËËË �� � �� � � c=== ŒŒŒ(( ( ½½½ ‘‘ ‘ >>> âââ ff f �� � „„ „ ÝÝÝ "" "

ŠŠŠ âââ TammÚÚÚ Frank�� � ²² ² ;; ; nnn ØØØ §§§ êêê ÔÔÔ ŽŽŽ ÅÅÅËËË �� � äää kkk ëëë YYY 111 ÌÌÌ "" " >>> ÖÖÖ •• • ze�� � ‘‘ ‘ >>>

âââ ff f 333 L � L + dL�� � ´´ ´ §§§ þþþ uuu �� � ÑÑÑ ÅÅÅ •• • 333 � � � + d� ƒƒƒ mmm �� � 111 ff f êêê dNÑÑÑ ll l eee �� � ©©© ÙÙÙ §§§

d2N
d�dL

=
2��z 2

� 2
sin2� c/

1
� 2

; ( 3.2)

ÙÙÙ ¥¥¥ §§§ � ´´ ´ °° ° [[ [ (( ( �� � ~~~ êêê (� � 1=137)¶¶¶ � = c=v= hc=E"" " ddd ddd úúú ªª ª 3.2•• • ŒŒŒ±±± �� � ¤¤¤ §§§

25
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d2N
dEdL

=
2��z 2

hc
sin2� c = constant: ( 3.3)

ÙÙÙ ¥¥¥ §§§ E•• • êêê ÔÔÔ ŒŒŒÅÅÅ 111 ff f �� � UUU þþþ "" " 111 ff f UUU þþþ ††† ÅÅÅ •• • ��� kkk ††† ŽŽŽ '' ' XXX ªªª µµµ E � � = 1240eV �

nm"" "

üüü      •• • ÝÝÝ ËËË �� � NNN uuu �� � �� � êêê ÔÔÔ ŒŒŒÅÅÅ 111 ff f êêê •• • §§§

dN
dL

= 2��z 2
Z � 1

� 2

sin2 � c(�; L )(
d�
� 2

) = 2 ��z 2
Z � 1

� 2

(1 � (1=� 2n2))(
d�
� 2

); ( 3.4)

� 1 � � 2´´ ´ êêê ÔÔÔ ŽŽŽ ÅÅÅËËË �� � �� � ÅÅÅ •• • ‰‰‰ŒŒŒ"" " úúú ªª ª 3.4¥¥¥ §§§ uuu �� � �� � êêê ÔÔÔ ŽŽŽ ÅÅÅ 111 ff f êêê ††† ÙÙÙ ÅÅÅ •• • �� �

²² ² •• • ¤¤¤ ‡‡‡ '' ' §§§ ŒŒŒ„„ „ ŒŒŒÜÜÜ ©©© êêê ÔÔÔ ŽŽŽ ÅÅÅËËË ��� 888 ¥¥¥ 333 ááá ÅÅÅ ««« §§§

dN � 370(1� 1=(n2� 2))dpdx: ( 3.5)

bbb ½½½ � = 1§§§ üüü      >>> ÖÖÖ âââ ff f 333 ÅÅÅ •• • 300nm � 600nm‰‰‰ŒŒŒSSS �� � )) ) �� � ooo �� � êêê ÔÔÔ ŽŽŽ ÅÅÅ 111

ff f êêê ddd úúú ªª ª 3.5ŒŒŒ±±± ŽŽŽ ÑÑÑ �� � •• • 300photons/cm"" " ,, , 		 	 §§§ êêê ÔÔÔ ŽŽŽ ÅÅÅËËË �� � ¤¤¤ �� � )) ) �� � 111éé é ‡‡‡

ff f §§§ ~~~ XXX � � 1�� � üüü >>> ÖÖÖ âââ ff f §§§ 333 ííí vvv 777 �� � ¥¥¥ êêê ÔÔÔ ŽŽŽ ÅÅÅËËË �� � UUU ››› � 0:3KeV=cm§§§ 

 


‘‘ ‘ >>> âââ ff f �� � •• • �� � UUU ›› › � 400KeV=cm¶¶¶ 333 kkk ÅÅÅ ÀÀÀ æææ ¥¥¥ ‘‘ ‘ >>> âââ ff f �� � êêê ÔÔÔ ŽŽŽ ÅÅÅ �� � ËËË �� � UUU

›› › � 4KeV=cm§§§ 

 
 §§§ �� �>> > ll l UUU ›› › � 2300KeV=cm"" " ¤¤¤ ±±± êêê ÔÔÔ ŽŽŽ ÅÅÅËËË �� � ééé ‘‘ ‘ >>> âââ ff f �� �

// / 666 ÄÄÄ 000 ´´ ´ ééé �� � �� � §§§ §§§ ´´ ´ ˜˜ ˜ ««« \\ \ �� � âââ fff CCC qqq uuu ÃÃÃ ›› › ��� &&& ÿÿÿ •••{{ { """

3.2 ^^^ ‡‡‡ ��� 000 ��� ÚÚÚ ��� yyy

3.2.1 ^^^ ‡‡‡ �� � 000 �� �

GEANT4 [69, 70]´´ ´ 888 ccc 333 ppp UUU ÔÔÔ nnn ¢¢¢ �� � ¥¥¥ 222 ••• AAA^^ ^ �� � �� �[ [[ §§§ SSS """ ll l ›› › ccc “““ @@@ÏÏÏ

ÄÄÄ uuu FORTRAN ŠŠŠ óóó �� � GEANT3 §§§ ²² ² LLL ›› › õõõ ccc ��� uuu ÐÐÐ §§§ ØØØ äää �� � õõõ ååå 555 "" " GEANT4 ´´ ´ ÄÄÄ

uuu C++ ŠŠŠ óóó °° ° (( ( £££ ããã âââ ff f BBB �� � ÔÔÔ ŸŸŸ ††† ÔÔÔ ŸŸŸ uuu ))) ƒƒƒ ppp ŠŠŠ ^^^ ��� ^^^ ‡‡‡ óóó äää ••• "" "

3.2.2 Geant4 �� � 111 ÆÆÆ�� � .. .

Geant4�� � 111 ÆÆÆ�� � .. . ^^^ 555 �� �[[ [ 111 ÆÆÆ111 ff f �� � �� � )) ) LLL §§§ §§§ DDD ÂÂÂ LLL §§§ ÚÚÚ ÂÂÂ 888 LLL §§§ """ Geant4�� �

ÔÔÔ nnn ÃÃÃ þþþ ½½½ ÂÂÂ ÅÅÅ •• • ŒŒŒuuu �� � ff f ºº º ÝÝÝ�� � 111 ff f •• • 111 ÆÆÆ111 ff f §§§ '' ' XXX � � 10nm§§§ ééé AAA E �

100eV�� � 111 ff f === •• • 111 ÆÆÆ111 ff f [71]"" " G4dybppp ??? nnn �� � 111 ÆÆÆ111 ff f �� � ÅÅÅ •• • ‰‰‰ŒŒŒ•• • [200; 800]nm"" "

•• • 

 
 �� � yyy �� �[[ [ �� � �� � (( ( 555 §§§ Geant4¬¬¬ ggg ÄÄÄ ‰‰‰ŠŠŠ •• • ggg ??? âââ ff f ��� 111 ÆÆÆ111 fff \\ \ þþþ ‚‚‚ 555 444 zzz •••

•• • "" " eee 111 ÆÆÆ111 ff f ´´ ´ �� � ÐÐÐ âââ ff f §§§ KKK 777 LLL ��� DDD ƒƒƒ ˜̃̃ ‡‡‡ ‘‘ ‘ ÅÅÅ �� � ‚‚‚ 555 444 zzz •• • ••• """
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3.2.2.1 111 fff ��� ))) LLL §§§

Geant4ppp �� � êêê ÔÔÔ ‰‰‰ÅÅÅËËË �� � LLL §§§ XXX eee µµµ ��� ‘‘‘ >>> âââ fff �� � „„„ ÝÝÝ ‡‡‡ LLL11 1 333 000 ŸŸŸ¥¥¥ �� � „„ „ ÝÝÝ

žžž §§§ ††† âââ ff f \\ \ �� � •• • ••• ¤¤¤ � c( 3.1 ªª ª ½½½ ÂÂÂ )YYY �� � �� � �� � II I ¡¡ ¡ þþþ ��� ))) 111 ÆÆÆ111 fff §§§ 111 ff f �� � 444 zzz ¥¥¥

þþþ ††† II I ¡¡ ¡ RRR ††† §§§ 111 ff f �� � êêê 888 ††† 111 ÌÌ Ì ÑÑÑ ŠŠŠ âââ 3.4ªª ª ÈÈÈ ©©© OOO ŽŽŽ ����� � """ ��� ‘‘ ‘ >>> âââ ff f „„„ ÝÝÝ eee üüü

žžž §§§ �� � II I �� � ÜÜÜ �� � ~~~ �� � §§§ uuu ÑÑÑ �� � 111 ff f �� � ªª ª ÇÇÇ OOO ŒŒŒ§§§ êêê 888 ~~~ �� � """ �� � âââ fff „„ „ ÝÝÝ eee üüü �� � KKK „„„

ÝÝÝ ±±± eee žžž §§§ êêê ÔÔÔ ‰‰‰ÅÅÅËËË �� � ªª ªŽŽ Ž "" "

3.2.2.2 111 fff DDD ÂÂÂ LLL §§§

111 ÆÆÆ111 ff f �� � )) ) �� � �� � DDD ÂÂÂ LLL §§§ •• • )) ) ááá ÂÂÂ !!! aaa ||| ÑÑÑ �� � ÚÚÚ >>> ... ��� AAA (Boundary Process)"" "

Geant4ŠŠŠ âââ ÑÑÑ \\ \ �� � ÔÔÔ ŸŸŸ �� � ááá ÂÂÂ •• • ÝÝÝ (ABSLENGTH) �� � äää 111 ÆÆÆ111 ff f 333 ÔÔÔ ŸŸŸ¥¥ ¥ ´´ ´ ÄÄÄ �� �

ááá ÂÂÂ §§§ eee ááá ÂÂÂ KKK ªª ªŽŽ Ž ‹‹ ‹ ll l ddd 111 ff f §§§ (( ( ååå ddd 111 ff f »»» ,,, """ ¤¤¤ ±±± ··· ‚‚ ‚ II I ÑÑÑ \\ \ &&& ÿÿÿ ììì ¤¤¤ kkk ÔÔÔ

ŸŸŸ ééé 111 ff f �� � ááá ÂÂÂ •• • ÝÝÝ "" "

aaa || | ÑÑÑ �� � �� � ‡‡‡ ©©© �� � ¡¡ ¡ ��� ''' ††† 111 ÆÆÆ111 fff ### ÎÎ Î 444 zzz ¥¥¥ þþþ ƒƒƒ mmmYYY ��� ��� {{{ uuu ŠŠŠ ��� ²²²

•• • "" " Geant4‘‘ ‘ ÅÅÅ ÄÄÄ �� � ÑÑÑ �� � 111 ff f �� � ### ÎÎ Î 444 zzz ¥¥¥ þþþ �� � YYY ��� ŒŒŒ��� §§§ ^̂̂ ddd YYY �� � OOO ŽŽŽ ÑÑÑ ��� 111 fff

### �� � 444 zzz •• • •• • §§§ ÓÓÓ žžž �� ��� � ††† 444 zzz •• • •• • RRR ††† �� �ÄÄ Ä þþþ ••• ••• "" " ––– uuu aaa || | ÑÑÑ �� � uuu ))) ��� VVV ÇÇÇ KKK

II I ‡‡‡ ^^^ rr r JJJ øøø 111 ÆÆÆ111 ff f 333 &&& ÿÿÿ ìì ì ÔÔÔ ŸŸŸ SSS �� � ÑÑÑ �� � ••• ÝÝÝ (RayleighAttenuationLength) "" " Gea-

nt4¥¥¥ ŠŠŠ âââ Einstein-Smoluchowski úúú ªª ª §§§ OOO ŽŽŽ 

 
 111 ÆÆÆ111 ff f 333 YYY ppp �� � ÑÑÑ �� � •• • ÝÝÝ "" " ¤¤¤ ±±± %%%

@@@œœœ¹¹ ¹ eee §§§ Geant4•• • UUU �� � (( ( �� �[[ [ 111 ÆÆÆ111 ff f 333 YYY ppp �� � aaa || | ÑÑÑ ��� "" "

Geant4¥¥¥ 111 ÆÆÆ111 ff f �� � >>> .. . �� � AAA ©©© üüü ««« œœœ¹¹ ¹ [72]"" " 111 ˜˜ ˜ ««« œœœ¹¹ ¹ ´´ ´ 111 ff f 333 üüü ««« ßßß ²² ²

000 ŸŸŸ // / ¤¤¤ �� � .. . ¡¡ ¡ ??? �� � $$$ ÄÄÄ "" " •• • ‡‡‡ JJJ øøø ùùù üüü ««« ÔÔÔ ŸŸŸ �� � òòò �� � ÇÇÇ (RINDEX) §§§ Geant4KKK UUU

ìì ì >>> ^^^ ÅÅÅ ÚÚÚ ™™™rr r �� � úúú ªª ª (Fresnel formula)OOO ŽŽŽ 111 ff f ÏÏ Ï LLL .. . ¡¡ ¡ žžž �� � ‡‡‡ �� � ÅÅÅ !! ! òòò �� � ÅÅÅ ÚÚÚ \\\

�� � ÅÅÅ �� �>> > ¥¥¥ þþþ ©©© þþþ �� � ŒŒŒ�� � ÚÚÚ •• • •• • ƒƒƒ mmm �� � '' ' XXX "" " ØØØ 111 ˜˜ ˜ ««« œœœ¹¹¹ ƒƒƒ 		 	 §§§ ¤¤¤ kkk �� � >>> .. . LLL

§§§ ÑÑÑ •• • 666 uuu ˜˜ ˜ ‡‡‡ ½½½ ÂÂÂ •• • // / LLL ¡¡ ¡ 000 (surface)�� � VVV ggg "" " zzz ˜˜ ˜ ‡‡‡ // / LLL ¡¡ ¡ 000 ÑÑÑ kkk ggg CCC �� � ÔÔÔ ŸŸŸ

AAA 555 !! ! AAA ÛÛÛ AAA 555 ÚÚÚ ÔÔÔ nnn AAA 555 "" " ÔÔÔ ŸŸŸ AAA 555 ^^^ 555 ½½½ ÂÂÂ §§§ �� � �� � ƒƒƒ ��� ¤¤¤ �� � ¶¶¶ AAA ÛÛÛ AAA 555 ŒŒŒ±±±

^^^ 555 £££ ããã §§§ ††† �� � ¤¤¤ §§§ �� � ˜˜ ˜ ‡‡‡ ½½½ üüü ‡‡‡ 000 ŸŸŸƒƒ ƒ mmm �� �      ˜˜ ˜ ÚÚÚ // / GGG '' ' XXX ¶¶¶ 

 
 Geant4KKK ^^^ üüü

‡‡‡ ;; ; €€€ �� � 111 ÆÆÆ�� � .. . GLISURÚÚÚ UNIFIED 555 £££ ããã // / LLL ¡¡ ¡ 000 �� � 111 ÆÆÆ555 ŸŸŸ """ ÙÙÙ ¥¥¥ GLIUSR ���

.. . ååå 

 
 uuu GEANT3 §§§ §§§ òòò üüü ‡‡‡ ÔÔÔ ŸŸŸƒƒ ƒ mmm �� � ... ¡¡¡ {{{ üüü �� �½½½ ÂÂÂ ••• 111 www �� � (POLISHED) ÚÚÚ

ooo ÷÷÷ �� � (GROUND) §§§ •• • kkk ˜˜ ˜ ‡‡‡ ŒŒŒNNN ëëë êêê £££ ããã .. . ¡¡ ¡ �� � 111 www §§§ ÝÝÝ "" " UNIFIED �� � .. . [73]ÄÄÄ

uuu DETECT [74] �� � �� �[[ [ §§§ SSS §§§ ŒŒŒ±±± 333 �� � •• • �� � ÅÅÅ •• • ‰‰‰ŒŒŒÚÚÚ �� � õõõ LLL ¡¡ ¡ // / GGG ¥¥¥ °° ° (( ( �� � £££ ããã

ooo ÷÷÷ // / LLL ¡¡ ¡ 000 �� � 111 ÆÆÆLLL §§§ "" " UNIFIED �� � // / LLL ¡¡ ¡ 000 �� � .. . ¦¦ ¦ ^^^ �� � ‹‹ ‹ II I XXX XXX ããã 3.1††† ããã ¤¤¤

««« §§§ �� � ‡‡‡ // / LLL ¡¡ ¡ 000 ddd ÃÃÃ êêê // / ‡‡‡ ²² ² ¡¡ ¡ 000 || | ¤¤¤ §§§ // / LLL ¡¡¡ 000 �� � �� � ��� ½½½ ÂÂÂ ••• // / þþþ ²²² ¡¡¡ 000"" " ÙÙÙ

¥¥¥ §§§ ~di ´´ ´ \\ \ �� � 111 ff f ÄÄÄ þþþ §§§ ~dr ´´ ´ ‡‡‡ �� � 111 ff f ÄÄÄ þþþ §§§ ~dt´´ ´ òòò �� � 111 ff f ÄÄÄ þþþ §§§ n1´´ ´ \\ \ �� � 111 ff f ¤¤¤

333 000 ŸŸŸ �� � òòò �� � ÇÇÇ §§§ n2´´ ´ òòò �� � 111 ff f ¤¤¤ 333 000 ŸŸŸ �� � òòò �� � ÇÇÇ §§§ ~n´´ ´ þþþ ²² ² ¡¡ ¡ �� � ²² ² þþþ {{ { ‚‚ ‚ §§§ � i ´´ ´ \\ \

�� � 111 ff f ††† ²² ² þþþ {{ { ‚‚ ‚ •• • •• • ��� YYY �� � §§§ � r ´´ ´ ‡‡‡ �� � 111 ff f ††† ²² ² þþþ {{ { ‚‚‚ •• • ••• ��� YYY ��� §§§ � t´´ ´ òòò �� � 111



28 111 3 ÙÙÙ ŒŒŒæææ ��� YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ììì ��� ��� OOO ÚÚÚ ``` zzz

ff f ††† ²² ² þþþ {{ { ‚‚ ‚ •• • •• • �� � YYY �� � §§§ � r ´´ ´ ‡‡‡ �� � 111 ff f ½½½ òòò �� � 111 ff f 333 þþþ ²² ² ¡¡ ¡ þþþ �� � ÝÝÝ KKK†† † þþþ ²² ² ¡¡ ¡ ÚÚÚ

\\ \ �� � ²² ² ¡¡ ¡ �� � �� � ‚‚ ‚ ƒƒƒ mmm �� � YYY �� � §§§ ~n0́´ ´ ,, , ‡‡‡ ²² ² ¡¡ ¡ {{ { ‚‚ ‚ §§§ � ´´ ´ ,, , ˜˜ ˜ ‡‡‡ ²² ² ¡¡ ¡ ††† þþþ ²² ² ¡¡ ¡ ƒƒƒ mmm �� �

YYY �� � §§§ � norm ´´ ´ ‡‡‡ ²² ² ¡¡ ¡ {{ { ‚‚ ‚ 333 þþþ ²²² ¡¡¡ þþþ �� � ÝÝÝ KKK††† þþþ ²² ² ¡¡ ¡ ÚÚÚ \\\ �� � ²² ² ¡¡ ¡ ��� ��� ‚‚ ‚ ƒƒƒ mmm ��� YYY

�� � §§§ � 0
i ´´ ´ \\ \ �� � 111 ff f ††† ‡‡‡ ²² ² ¡¡ ¡ {{ { ‚‚‚ •• • ••• ��� YYY ��� §§§ � 0

r´´ ´ ‡‡‡ �� � 111 ff f ††† ‡‡‡ ²² ² ¡¡ ¡ {{ { ‚‚ ‚ ••• ••• �� � YYY

�� � §§§ � 0
t ´´ ´ òòò �� � 111 ff f ††† ‡‡‡ ²² ² ¡¡ ¡ {{ { ‚‚ ‚ •• • •• • �� � YYY �� � """ UNIFIED �� � ... 333ùù ù ‡‡‡ ‹‹ ‹ III XXXee e ��� 111 ÆÆÆ

�� � .. . XXX eee µµµ

� LLL ¡¡ ¡ aaa .. . (Type)

{ ššš �� � NNN ¨¨ ¨ ššš �� � NNN (dielectric-dielectric)

{ ššš �� � NNN ¨¨ ¨ 777 ááá / ØØØ ßßß 111 000 ŸŸŸ (dielectric-metal)

� LLL ¡¡ ¡ 111 www ÝÝÝ aaa .. . (Finish)

{ LLL ¡¡ ¡ 111 www (polished)

{ LLL ¡¡ ¡ ooo ÷÷÷ (ground)

{ LLL ¡¡ ¡ 111 www ………�� � LLL ¡¡ ¡ ææækkk ‡‡‡ �� � ááá �� � (polishedbackpainted)

{ LLL ¡¡ ¡ ooo ÷÷÷ ………�� � LLL ¡¡ ¡ ææækkk ‡‡‡ �� � ááá �� � (groundbackpainted)

{ LLL ¡¡ ¡ 111 www ………ccc LLL ¡¡ ¡ ææækkk ‡‡‡ �� � ááá �� � (polishedfrontpainted)

{ LLL ¡¡ ¡ ooo ÷÷÷ ………ccc LLL ¡¡ ¡ ææækkk ‡‡‡ �� � ááá �� � (groundfrontpainted)

ããã 3.1: UNIFIED ��� ... ¥¥¥ ��� ‹‹‹ III XXX ÚÚÚ111 rrr ''' XXX ««« ¿¿¿ ããã (††† ããã ••• UNIFIED LLL ¡¡¡ ��� ... ¦¦¦ ^^^ ��� ‹‹‹ III XXX §§§ mmm
ããã ••• UNIFIED ��� ... ¥¥¥ ��� 111 rrr ''' XXX )"""
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ÃÃÃ ØØØ ÀÀÀ JJJ === ««« LLL ¡¡ ¡ aaa .. . ÚÚÚ11 1 www ÝÝÝ aaa .. . §§§ UNIFIED �� � .. . ÑÑÑ ^^^ XXX ããã 3.1¥¥¥ mmm ããã ¤¤¤ ««« �� �

111 rr r '' ' XXX 555 �� �[[ [ \\ \ �� � 111 ff f 333 111 ÆÆÆ.. . ¡¡ ¡ þþþ �� � ‡‡‡ �� � !! ! òòò ��� ±±± ¦¦ ¦ þþþ ªª ª CCC ýýý ¢¢¢ œœœ¹¹¹ """ ùùù ‡‡‡ 111

rr r '' ' XXX ŒŒŒ±±± CCC qqq LLL ««« •• • µµµ

JU (� i ; � r ; � r ) � R(� 0
i ; n1; n2)[Cslg(� r ; 0; � � ) + Css� (� i � � r )� (� r ) + Cbs� (� i + � r )� (� r )

+ Cdl cos(� r )] + T(� 0
t ; n1; n2)g(� t ; 0; � � ) ( 3.6)

ªª ª ¥¥¥ g(� r ; 0; � � )´´ ´ ²² ² þþþ ŠŠŠ •• • 0� §§§ °° ° ÝÝÝ •• • � � �� � ppp ddd ©©© ÙÙÙ "" " ÙÙÙ ¥¥¥ � ŒŒŒ333 [0� ; 90� ]SSS CCC zzz §§§

ƒƒƒ AAA // / §§§ � � KKK LLL ««« ddd LLL ¡¡ ¡ �� � ooo ÷÷÷ §§§ ÝÝÝ "" " ddd 3.6ªª ª ŒŒŒ±±± www ÑÑÑ UNIFIED �� � .. . ^^^ ÊÊÊ ‡‡‡ XXX

êêê \\ \ þþþ � � NNN !! ! LLL ¡¡ ¡ �� � ‡‡‡ �� � ÚÚÚ òòò �� � 111 rrr 999 ©©© ÙÙÙ §§§ ddd ÊÊÊ ‡‡‡ XXX êêê ©©© OOO •• • ddd LLL ¡¡¡ ��� ooo ‡‡‡

�� � ÇÇÇ R(REFLECTIVITY) §§§ 999 ‡‡‡ �� � ÇÇÇ R�� � ooo ‡‡‡ ¤¤¤ ©©© XXX êêê µµµ Csl§§§ ‡‡‡ LLL ¡¡ ¡ �� � ºº º ‡‡‡ �� � AAA

ÇÇÇ (SPECULARLOBECONSTANT) ¶¶¶ Css§§§ ²² ² þþþ LLL ¡¡ ¡ �� � ºº º ‡‡‡ ��� AAA ÇÇÇ (SPECULARSPIKE-

CONSTANT) ¶¶¶ Cbs§§§ •• • �� � ÑÑÑ �� � AAA ÇÇÇ (BACKSCATTERCONSTANT) [75] ¶¶¶ Cdl §§§ LLL ¡¡ ¡ SSS

ÜÜÜ �� � Lambertian‡‡‡ �� � AAA ÇÇÇ (DIFFUSELOBECONSTANT) "" " www ,, , §§§ ùùù ooo ‡‡‡ AAA ÇÇÇ ëëë êêê ÷÷÷ vvv

eee ¡¡ ¡ �� ��� � ªª ª µµµ

Csl + Css + Cbs + Cdl = 1 ( 3.7)

ÓÓÓ žžž §§§ ßßß �� � XXX êêê T = 1 � R"" " ll l JU �� � LLL ˆˆ ˆ ªª ª ·· · ‚‚ ‚ ŒŒŒ±±± www ÑÑÑ §§§ ��� n1 = n2žžž §§§ T =

1§§§ UNIFIED �� � .. . ééé AAA �� � ÒÒÒ ´´ ´ \\ \ ��� 111 ��� ÜÜÜ BBB LLL ... ¡¡¡ ��� œœœ ¹¹ ¹ "" " aaa qqq ��� §§§ XXX JJJ Csl =

1………� � = 0ÒÒÒ ééé AAA LLL ¡¡ ¡ �� � �� � 111 www (polished)�� � �� � .. . "" " XXX JJJ LLL ¡¡ ¡ aaa .. . ´´ ´ // / ššš �� � NNN � ššš �� �

NNN 000 §§§ @@@ooo ééé AAA �� � 111 ÆÆÆ�� � .. . AAA TTT �� � Csl = 1………� � �� � �� � ŠŠŠ •• • LLL ¡¡ ¡ �� � ýýý ¢¢¢ ooo ÷÷÷ §§§ ÝÝÝ "" "

3.2.2.3 ÂÂÂ 888 ÚÚÚ111 >>> === ††† LLL §§§

111 ÆÆÆ111 ff f �� � ÂÂÂ 888 ÑÑÑ ddd 111 &&& ÿÿÿ ìì ì ‡‡‡ XXX PMT 555 �� � ¤¤¤ §§§ Geant4¡¡ ¡ ƒƒƒ •• • (( ( ¯¯ ¯ &&& ÿÿÿ ììì (sensit-

ive detector)§§§ zzz ˜˜ ˜ ‡‡‡ ìì ì �� � �� � (( ( ¯¯ ¯ &&& ÿÿÿ ìì ì þþþ �� � 111 ff f ¡¡ ¡ •• • ˜˜ ˜ ‡‡‡ // / ÂÂÂ ¥¥¥ 000 (hit) "" " ŒŒŒæææ

�� � ¢¢¢ �� � �� � ððð ccc NNN&&& ÿÿÿ ìì ì ÚÚÚ YYY êêê ÔÔÔ ‰‰‰ÅÅÅ &&& ÿÿÿ ìì ì ppp ¦¦ ¦ ^̂̂ ��� 111 &&& ÿÿÿ ììì ‡‡‡ ÑÑÑ ´´ ´ 8"PMT §§§

333 G4dybppp ·· · ‚‚ ‚ ^^^ ;; ; €€€ �� � PMT 111 ÆÆÆ�� � .. . ¢¢¢ yyy ll l 111 fff �� � ÂÂÂ ¥¥¥ ��� 111 >>> fff �� � )) ) ¤¤¤ ÚÚÚ PPP ¹¹¹ ���

LLL §§§ "" "

3.2.2.4 PMT ��� 111 ÆÆÆ��� ...

·· · ‚‚ ‚ òòò GLG4simppp �� � ˜˜ ˜ ‡‡‡ '' ' �� � EEE ,, , �� � PMT 111 ÆÆÆ��� .. . [76]£££ ‡‡‡ ??? G4dyb¢¢¢ yyy 111 ff f �� �

ÂÂÂ 888 ÚÚÚ11 1 >>> === ††† LLL §§§ "" " ddd �� � .. . ©©© •• • AAA ÛÛÛÚÚÚ11 1 ÆÆÆüüü ÜÜÜ ©©© """ PMT AAA ÛÛÛ �� � ��� EEE ©©© ••• nnn ÚÚÚ §§§

ÄÄÄ kkk ´´ ´ ½½½ ÂÂÂ˜˜ ˜ ‡‡‡ ÓÓÓ �� � ýýý ¡¡ ¡ �� � AAA ÛÛÛ aaa §§§ ÏÏ Ï LLL ØØØ ÓÓÓ ŒŒŒ»»» ��� ÓÓÓ �� � ýýý ¡¡ ¡ // / GGG ÚÚÚ �� � ÎÎÎ /// GGG �� � |||

ÜÜÜ §§§ ŠŠŠ âââ PMT �� � ¢¢¢ SSS ºº º €€€ §§§ ÃÃÃ XXX ccc ŒŒŒ¥¥¥ �� � 111 >>> ¡¡ ¡ ºº º €€€ §§§ �� � ŒŒŒ¥¥¥ ºº º €€€ §§§ �� � OOO 444 ºº º €€€ ���

�� � §§§ OOO (( ( �� � EEE ÑÑÑ 8"PMT �� � AAA ÛÛÛ // / GGG "" " 111 �� � ÚÚÚ ´´ ´ ŠŠŠ âââ PMT �� � ¢¢¢ SSS ÔÔÔ ŸŸŸ �� � �� � ¤¤¤ §§§ ½½½ ÂÂÂ ƒƒƒ

AAA �� � PMT ÀÀÀ æææ!! ! ccc ŒŒŒ¥¥¥ �� � 111 >>> ¡¡ ¡ §§§ �� � ŒŒŒ¥¥¥ SSS LLL ¡¡¡ �� � YYY ÕÕÕ ‡‡‡ ��� ¡¡ ¡ 999 PMT SSS ÜÜÜ ýýý ˜̃̃ ˆˆ ˆ ÔÔÔ
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ŸŸŸ �� � || | ¤¤¤ §§§ òòò 111 >>> ¡¡ ¡ ÚÚÚ YYY ÕÕÕ ‡‡‡ �� � ¡¡ ¡ ½½½ ÂÂÂ •• • 111 ÆÆÆ.. . ¡¡¡ """ •• • �� � ‰‰‰ÑÑÑ ˆˆ ˆ ÜÜÜ ©©© ÔÔÔ ŸŸŸ ��� 111 ÆÆÆ555

ŸŸŸ §§§ XXX PMT 111 >>> ¡¡ ¡ �� � þþþ fff �� � ÇÇÇ ( 3.2††† ããã )§§§ PMT ÀÀÀ æææ!! ! SSS ÜÜÜ ýýý ˜˜ ˜ �� � òòò ��� ÇÇÇ §§§ ááá ÂÂÂ ••• ÝÝÝ

�� � 111 ÆÆÆëëë êêê �� � ŠŠŠ "" " ddd 111 ÆÆÆ�� � .. . �� � ­­ ­ :: : ´´ ´ òòò 111 >>> ¡¡ ¡ UUU 777 ááá �� � �� � ??? nnn §§§ VVV www .. . 111 >>> ¡¡ ¡

ããã 3.2: PMT111 ÆÆÆ ��� ... ÚÚÚ 111 ÆÆÆ ëëë êêê (††† ããã ••• G4dybppp ¦¦¦ ^^^ ��� 8"EMI PMT ;;; ... þþþ fff ��� ÇÇÇ §§§ mmm ããã
••• PMT ��� AAA ÛÛÛ 999 Luxlevel3111 ÆÆÆ��� ... žžž 111 fff »»» ,,, ««« ¿¿¿ ããã )

�� � CCC qqq þþþ ÝÝÝ 26nm§§§ òòò �� � ÇÇÇ �� � •• • 2:9 + 1:6i "" " �� � ‡‡‡ PMT AAA ÛÛÛ ¥¥¥ §§§ •• • kkk 111 >>> ¡¡ ¡ ùùù ‡‡‡ 111 ÆÆÆ.. .

¡¡ ¡ ´´ ´ (( ( ¯¯ ¯ &&& ÿÿÿ ìì ì (sensitive detector)§§§ === •• • kkk ÂÂÂ ¥¥¥ 111 >>> ¡¡ ¡ �� � 111 ÆÆÆ111 ff f âââ kkk ŒŒŒUUU === ††† •• • 111

>>> ff f "" " 111 ÆÆÆ�� � .. . ©©© •• • nnn ««« "" " 111 ˜˜ ˜ ««« œœœ¹¹ ¹ ´´ ´ {{ { üüü �� � ... §§§ •• • ‡‡‡ kkk 111 ÆÆÆ111 ff f ÂÂÂ ¥¥¥ 111 >>> ¡¡ ¡ §§§

111 ff f ÒÒÒ �� � ááá ÂÂÂ §§§ UUU ƒƒƒ AAA ÅÅÅ •• • ééé AAA �� � þþþ ff f �� � ÇÇÇ === ††† •• • 111 >>> ff f §§§ ·· · ‚‚ ‚ ¡¡ ¡ ƒƒƒ •• • Luxlevel0"" "

111 �� � ««« œœœ¹¹ ¹ ´´ ´ �� � �� � �� � .. . §§§ === ŠŠŠ âââ PMT ÀÀÀ æææ!!! 111 >>> ¡¡ ¡ ÚÚÚ PMT SSS ÜÜÜ ýýý ˜˜ ˜ ��� òòò ��� ÇÇÇ UUU >>> ^̂̂

ÅÅÅ nnn ØØØ ÚÚÚ ™™™rr r �� � úúú ªª ª OOO ŽŽŽ 111 ÆÆÆ111 ff f ll l 		 	 .. . ÂÂÂ ¥¥¥ PMT ÀÀÀ æææ �� � �� � ˆˆ ˆ ««« ŒŒŒUUU �� � ‡‡‡ �� � !! ! òòò

�� � œœœ¹¹ ¹ "" " 333 111 >>> ¡¡ ¡ ??? �� � uuu )) ) �� � 111 ÆÆÆLLL §§§ØØØ 

 
 ááá ÂÂÂ (A( � ,� )) 		 	 §§§ „„ „ kkk ‡‡‡ ��� (R( � ,� ))ÚÚÚ òòò

�� � (T( � ,� ))§§§ ÷÷÷ vvv '' ' XXX ªª ª

A(�; � ) + R(�; � ) + T(�; � ) = 1 ( 3.8)

•• • ÄÄÄ 111 >>> ¡¡ ¡ �� � ‡‡‡ �� � ÚÚÚ òòò �� � ƒƒƒ �� � §§§ ��� 555 ÂÂÂ ¥¥¥ ��� ˜˜ ˜ ‡‡‡ PMT ÀÀÀ æææ þþþ �� � ��� ‡‡‡ ��� £££ ¶¶¶ ÔÔÔ hhh

�� � 111 ÆÆÆ111 ff f §§§ yyy 333 kkk ŒŒŒUUU ��� ,, , ˜˜ ˜ ‡‡‡ PMT ��� 111 >>> ¡¡¡ === zzz •• • 111 >>> ff f "" " ��� 555 ÂÂÂ ¥¥¥ PMT ���

111 >>> ¡¡ ¡vv v UUU === zzz •• • 111 >>> ff f �� � 111 ff f yyy 333 kkk ŒŒŒUUU BBB LLL11 1 >>> ¡¡ ¡ UUU YYY11 1 rr r §§§ ÂÂÂ ¥¥¥ PMT SSS LLL

¡¡ ¡ �� � YYY ÕÕÕ ‡‡‡ �� � ¡¡ ¡ �� � ‡‡‡ •• • §§§ ll l PMT SSS ÜÜÜ ÂÂÂ ¥¥¥ 111 >>> ¡¡ ¡ === ††† •• • 111 >>> ff f §§§ ùùù ‡‡‡ •• •�� � �� � �� � .. .

•• • Luxlevel3"" " 000 uuu Luxlevel3††† luxlevel0ƒƒƒ mmm �� � �� � .. . òòò ÂÂÂ ¥¥¥ 111 >>> ¡¡ ¡ �� � 111 ff f UUU þþþ ff f �� � ÇÇÇ ééé

AAA �� � AAA ÇÇÇ ááá ÂÂÂ §§§ ™™™�� � ááá ÂÂÂ �� � 111 ff f KKK UUU 50/50�� � AAA ÇÇÇ uuu )) ) ‡‡‡ ��� ÚÚÚ òòò ��� "" " PMT ��� Luxlevel3�� �

.. . ¬¬¬ '' ' luxlevel0�� � .. . ÑÑÑ ÑÑÑ •• • õõõ êêê 888 �� � 111 >>> ff f "" " �� �[[ [ www ««« §§§ 333 Luxlevel3žžžÑÑÑ ÑÑÑ �� � 111 >>> ff f

êêê '' ' 333 Luxlevel0žžž õõõ nnn ©©© ƒƒƒ ˜˜ ˜ §§§ ††† [76]‰‰‰ÑÑÑ �� � (( ( JJJ ˜˜ ˜ ———"" "
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LLL 3.1: ŒŒŒæææ ��� ¢¢¢ ��� ��� &&& ÿÿÿ ììì ��� ÔÔÔ ŸŸŸ ��� ��� ƒƒƒ ||| ¤¤¤

ÔÔÔ ŸŸŸ ¶¶¶ ¡¡¡ ———ÝÝÝ (g=cm3) ��� ƒƒƒ ||| ¤¤¤ ÔÔÔ ŸŸŸ ¶¶¶ ¡¡¡ ———ÝÝÝ (g=cm3) ��� ƒƒƒ ||| ¤¤¤

YYY 1.0 H; O ñññ œœœ 2.7 O; Si; Al; F e; Mg; K; Ca ,,,

��� Gd———ððð 0.855 C; H; N; O; Gd ¾¾¾ ��� 2.7 98%Al; Si; Mn ,,,

ÊÊÊ ÏÏÏ ———ððð 0.855 C; H; N; O ESR‡‡‡ ��� ��� 1.0 C; H

¶¶¶ ÔÔÔ hhh 0.838 C; H Tyvek ‡‡‡ ��� ��� 0.94 C; H

kkk ÅÅÅ ÀÀÀ æææ 1.18 C; H; O PMT ÀÀÀ æææ III 2.23 Si; O; B; Na

ggg --- 8.1 70%F e; C; Mn ,,, PMT 111 >>> ¡¡¡ 5 K

LLL 3.2: YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ììì ��� ... ¥¥¥ ÔÔÔ ŸŸŸ ��� ááá ÂÂÂ ••• ÝÝÝ ÚÚÚ òòò ��� ÇÇÇ

ÔÔÔ ŸŸŸ ¶¶¶ ¡¡¡ ááá ÂÂÂ ••• ÝÝÝ (m) òòò ��� ÇÇÇ

YYY 30 1.34

Tyvek ‡‡‡ ��� ��� 10 0

PMT ÀÀÀ æææ III 10� 7 � 2 1.458

PMT 111 >>> ¡¡¡ 111 ÆÆÆ... ¡¡¡ 2:9 + 1 :6i

ggg --- 10� 6 0

3.2.3 111 ÆÆÆëëë êêê

ll l 3.2.2!! ! �� � ØØØ ããã ·· · ‚‚ ‚ ŒŒŒ±±± www ÑÑÑ §§§ 111 ÆÆÆ��� ... ¢¢¢ SSS þþþ ´́́ �� �[[ [ 111 ÆÆÆ111 ff f ��� ��� )) ) ±±± 999 111

ÆÆÆ111 ff f ††† ÔÔÔ ŸŸŸ �� � ƒƒƒ ppp ŠŠŠ ^^^ LLL §§§ "" " ¤¤¤ ±±± �� �[[ [ �� �11 1 ˜˜ ˜ ÚÚÚ ´´ ´ �� � (( ( £££ ããã &&& ÿÿÿ ììì ÔÔÔ ŸŸŸ �� � �� � ƒƒƒ

|| | ¤¤¤ ÚÚÚ ÔÔÔ nnn 555 ŸŸŸ §§§ �� � XXX ´´ ´ÑÑ Ñ \\ \ �� �[[ [ 111 ÆÆÆLLL §§§ ¤¤¤ III ‡‡‡ �� � ˆ̂̂ ÔÔÔ ŸŸŸ �� � 111 ÆÆÆëëë êêê "" " LLL 3.1‰‰‰

ÑÑÑ G4dyb¥¥¥ &&& ÿÿÿ ìì ì �� � ÔÔÔ ŸŸŸ �� � ƒƒƒ || | ¤¤¤ §§§ �� � ƒƒƒ || | ¤¤¤ ëëë •• • Parlo Verde ¢¢¢ �� � �� � Geant3§§§ SSS

ÚÚÚ KamLAND ¢¢¢ �� � �� � GLG4sim§§§ SSS •• • "" " ˆˆ ˆ ‘‘ ‘ ëëë êêê �� � äää NNN ŠŠŠ „„ „ LLL 3.2"" " LLL 3.3 ´´ ´ G4dybppp

½½½ ÂÂÂ �� � YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ìì ì �� � .. . ¥¥¥ �� � 111 ÆÆÆ... ¡¡ ¡ 999 .. . ¡¡ ¡ ��� 111 ÆÆÆ�� � .. . """

LLL 3.2ppp ggg -- -ÚÚ Ú Tyvek �� � ááá ÂÂÂ •• • ÝÝÝ þþþ •• • bbb �� � ŠŠŠ §§§ ÙÙÙ ¥¥¥ Tyvek‡‡‡ �� � ��� ��� ááá ÂÂÂ •• • ÝÝÝ�� � bbb

�� � ŠŠŠ ØØØ �� � ÜÜÜ nnn "" " (( ( ÜÜÜ LLL 3.3ppp �� � // / LLL ¡¡ ¡ aaa .. . 000 ‘‘‘ ŒŒŒ±±± www ÑÑÑ ùùù 

 
 ÔÔÔ ŸŸŸ þþþ ØØØ ßßß 111 §§§ ………òòò

�� � ÇÇÇ ÑÑÑ ®®® �� � •• • 0§§§ ¤¤¤ ±±± ùùù 

 
 ÔÔÔ ŸŸŸ �� � ááá ÂÂÂ ••• ÝÝÝ��� ŒŒŒ��� vvv kkk ¢¢¢ SSS ¿¿¿ÂÂÂ §§§ ¿¿¿ØØØ KKK •• • ���[[ [ (((

JJJ §§§ kkk ¿¿¿ÂÂÂ �� � ´´ ´ §§§ ‚‚ ‚ �� � ‡‡‡ �� � ÇÇÇ "" "

3.2.3.1 Tyvek ��� ‡‡‡ ��� ÇÇÇ

TyvekŠŠŠ •• • ˜˜ ˜ ««« ‡‡‡ �� � ááá �� � 555 ¦¦ ¦ ^^^ §§§ UUU 

 
 OOO \\ \ 111 �� � ÂÂÂ 888 §§§ 555 JJJ ppp YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ

ìì ì �� � �� � ÇÇÇ §§§ ŒŒŒæææ�� � æææ^^^ YYY êêê ÕÕÕ ………ÅÅÅ ��� &&& ÿÿÿ ììì , ‡‡‡ ^^^ tyvek �� � ŠŠŠ •• • ‡‡‡ �� � ááá �� � "" " Super K¢¢¢

�� � �� � 		 	 ÜÜÜ &&& ÿÿÿ ìì ì §§§ Kamland�� � 		 	 ÜÜÜ &&& ÿÿÿ ììì ÚÚÚ Auger�� � zzz ˜˜ ˜ ‡‡‡ &&& ÿÿÿ ìì ì �� � üüü �� � SSS 999 ÑÑÑ ¦¦ ¦ ^̂̂
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LLL 3.3: YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ììì ��� ... ¥¥¥ ��� 111 ÆÆÆ... ¡¡¡

LLL ¡¡¡¶ ¶¶ ¡¡¡ 111 ÆÆÆ��� ... LLL ¡¡¡ aaa ... 111 www ÝÝÝ aaa ...

YYY -tyvek ��� UNIFIED ššš ��� NNN ¨̈¨ ØØØ ßßß 111 000 ŸŸŸ LLL ¡¡¡ ooo ÷÷÷

˜̃˜ ííí -tyvek ��� UNIFIED ššš ��� NNN ¨̈¨ ØØØ ßßß 111 000 ŸŸŸ LLL ¡¡¡ ooo ÷÷÷

YYY -ggg --- UNIFIED ššš ��� NNN ¨̈¨ 777 ááá LLL ¡¡¡ ooo ÷÷÷



 
 tyvek555 ŠŠŠ •• • ‡‡‡ �� � �� � �� � ááá �� � §§§ ll l ùùù 

 
 ¢¢¢ �� � •• • ÏÏ Ï $$$ 111 �� � ­­ ­ ½½½ 555 555 www ,ùùù ««« ááá ��� kkk éééÐÐÐ ���

­­ ­ ½½½ 555 "" " 333 ‡‡‡ �� � ÇÇÇ •• • ¡¡ ¡ §§§ eee ããã 3.3́́́ ll l ¥¥¥ III OOO þþþ ‰‰‰ÆÆÆ�� � ÿÿÿ þþþ ��� ... ÒÒÒ ••• 1070D�� � tyvek333

˜˜ ˜ íí í ¥¥¥ �� � ‡‡‡ �� � ÇÇÇ §§§ ·· · ‚‚ ‚ ŒŒŒ±±± www �� � 333 ÅÅÅ •• •‡‡ ‡ LLL 320nm±±± �� � §§§ ‡‡‡ �� � ÇÇÇ ŒŒŒ±±± ‡‡‡ LLL 90%§§§ ÏÏ Ï

ddd tyvekùùù ««« ááá �� � 333 PMT �� � þþþ ff f �� � ÇÇÇ(( ( ¯¯ ¯ �� � ««« •• • [300nm-600nm](ããã 3.2††† ããã ) kkk XXX ééé ppp �� �

‡‡‡ �� � ÇÇÇ §§§ ééé ·· · ÜÜÜ ŠŠŠ •• • ‡‡‡ �� � �� � �� � ááá �� � "" " 333 �� �[[ [ ¥¥¥ §§§ Tvyek‡‡‡ �� � �� � �� � ‡‡‡ �� � ÇÇÇ ëëë •• • Auger¢¢¢

�� � ÿÿÿ þþþ �� � ‡‡‡ �� � ÇÇÇ §§§ ´´ ´ ÅÅÅ •• • ��� ¼¼¼ êêê §§§ ††† ããã 3.3�� � (( ( JJJ ÄÄÄ ��� ˜̃̃ ———§§§ ‡‡‡ �� � ÇÇÇ ��� ¯¯ ¯ 333 90%†††

mmm "" " ddduu u Kamland¢¢¢ �� � ¥¥¥ tyvek‡‡‡ �� � ÇÇÇ •• • kkk 80%††† mmm §§§ ÄÄÄ uuu ùùù ‡‡‡ �� � ÏÏ Ï §§§ •• • 

 
 ‰‰‰�� � ÅÅÅ �� � �� �

[[ [ OOO ŽŽŽ §§§ �� �[[ [ ¥¥¥ òòò ããã ¥¥¥ tyvek �� � ‡‡‡ �� � ÇÇÇ �� � NNN •• •eee ²² ² £££ 

 
 0.1§§§ ¦¦ ¦ tyvek‡‡‡ �� � ÇÇÇ ¯¯ ¯ 333 80%†††

mmm "" " ¤¤¤ ±±± �� �[[ [ ¥¥¥ kkk üüü ««« ‡‡‡ �� � ÇÇÇ §§§ ˜˜ ˜ ««« ‡‡‡ �� � ÇÇÇ 333 90%††† mmm §§§ ,, , 		 	 ˜˜ ˜ ««« ÒÒÒ ´´ ´ ‰‰‰�� � ÅÅÅ �� �[[ [

¦¦ ¦ ^^^ �� � 80% �� � ‡‡‡ �� � ÇÇÇ (�� �[[ [ ¥¥¥ %%%@@@ŠŠŠ )"" "
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ããã 3.3: Tyvek‡‡‡ ��� ÇÇÇ ††† 111 fff ÅÅÅ ••• ƒƒƒ mmm ��� ''' XXX """

3.2.3.2 YYY ��� aaa ||| ÑÑÑ ���

Geant4 ppp �� � ÑÑÑ �� � •• • ÝÝÝ úúú ªª ª XXX eee µµµ

LRayleigh =
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�
(n2 � 1)(n2 + 2)
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� 2 �
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� 4
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! � 1

; ( 3.9)
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ÙÙÙ ¥¥¥ h ´´ ´ ÊÊÊ KKK ŽŽŽ ~~~ êêê §§§ c ´´ ´ 111 „„ „ §§§ p ´´ ´ 111 ff f ÄÄÄ þþþ §§§ n ´´ ´ ÔÔÔ ŸŸŸ �� � òòò �� � ÇÇÇ §§§ ´´ ´ ÅÅÅ •• • �� � ¼¼¼

êêê §§§ k ´´ ´ ÀÀÀ �� � [[ [ ùùù ~~~ êêê §§§ T ´´ ´ §§§ ÝÝÝ §§§ K T ÔÔÔ ŸŸŸ �� ��� � §§§ ýýý 999 XXX êêê "" " Geant4 ppp YYY �� � %%%@@@ëëë

êêê •• • §§§ T = 283:15K §§§ K T = 7:658� 10� 23 m3=MeV"" " ddd YYY �� � òòò �� � ÇÇÇ ÚÚÚ11 1 ff f �� � ÅÅÅ •• • §§§

·· · ‚‚ ‚ ŒŒŒOOO ŽŽŽ �� ��� � 111 ff f 333 YYY ppp �� � ÑÑÑ �� � •• • ÝÝÝ („„ „ ããã 3.4)§§§ ††† SuperK ¢¢¢ �� � �� �[[ [ �� ��� ��� � YYY ¥¥¥

�� � ÑÑÑ �� � •• • ÝÝÝ ˜˜ ˜ ———"" "

ããã 3.4: YYY ��� ÑÑÑ ��� ••• ÝÝÝ ††† 111 fff ÅÅÅ ••• ��� ''' XXX """

3.2.3.3 YYY ��� ááá ÂÂÂ ••• ÝÝÝ ��� ...

ééé uuu YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ìì ì §§§ YYY �� � ßßß ²² ² ÝÝÝéé é uuu &&& ÿÿÿ ììì kkk XXX ­­ ­ ‡‡‡ �� � ŠŠŠ ^^^ §§§ 333 ccc ¡¡¡ 000 ���



 
 111 ff f 333 YYY ¥¥¥ uuu )) ) kkk üüü ‡‡‡ LLL §§§ µµµ ááá ÂÂÂ ÚÚÚ ÑÑÑ �� � """ 333 Gean4�� � ggg �� � ��� mmm uuu “““ èèè ¥¥¥ ®®® ²² ² •••

)) ) 

 
 111 ff f 333 YYY ¥¥¥ �� ��� � ÑÑÑ �� � LLL §§§ §§§ �� � ´´ ´ 111 ff f ááá ÂÂÂ ††† UUU ÌÌÌ �� � •• • 666 '' ' XXX III ‡‡‡ ïï ï ááá ˜̃̃ ‡‡‡ �� � ...

555 £££ ããã "" " ÄÄÄ uuu ¢¢¢ �� � ÿÿÿ þþþ �� � (( ( JJJ ééé ddd ïï ï ááá 

 
 ˜˜ ˜ ‡‡‡ '' ' uuu YYY ááá ÂÂÂ •• • ÝÝÝ��� �� � .. . [77]̂̂̂ uu u ŒŒŒæææ

�� � YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ìì ì �� � �� �[[ [ "" "

¢¢¢ �� � ¥¥¥ ÿÿÿ þþþ �� � (( ( JJJ •• •áá á ÂÂÂ XXX êêê §§§ ááá ÂÂÂ •• • ÝÝÝ •• •áá á ÂÂÂ XXX êêê �� ��� � êêê §§§ ÏÏ Ï LLL ááá ÂÂÂ XXX êêê

ŒŒŒ±±± ¦¦ ¦ ÑÑÑ ááá ÂÂÂ •• • ÝÝÝ "" " ããã 3.5¥¥¥ ¤¤¤ ««« •• • YYY �� � ááá ÂÂÂ XXX êêê ††† ÅÅÅ •• • ƒƒƒ mmm '' ' XXX §§§ ùùù 

 
 555 ggg uuu

¢¢¢ �� � êêê âââ [78{87]"" " 333 350nm�� � 600nm�� � ÅÅÅ •• • ‰‰‰ŒŒŒSSS ŒŒŒ±±± www �� � PopeÚÚÚ Fry¢¢¢ �� � �� � (( ( JJJ ¥¥¥

YYY �� � ááá ÂÂÂ XXX êêê ééé �� � §§§ ùùù ‡‡‡ ´´ ´ ÏÏ Ï •• • ¦¦ ¦ ‚‚ ‚ ¢¢¢ �� � ¥¥¥ ééé YYY �� � ÀÀÀ zzz ÚÚÚ ‘‘ ‘ ±±± ‰‰‰�� � '' ' �� � ÐÐÐ "" " 

 


ll l QuickendenÚÚÚ Irvin �� � ¢¢¢ �� � �� � ¥¥¥ www �� � ÀÀÀ zzz YYY �� � LLL §§§ ´́́ ˜˜ ˜ ‡‡‡ '' ' ��� EEE ,,, ��� LLL §§§ "" " 333 ¢¢¢ ���

LLL §§§ ¥¥¥ §§§ QuickendenÚÚÚ Irvin ÀÀÀ zzz YYY ©©© 

 
 4‡‡‡ �� � ããã §§§ 

 
 YYY �� � ááá ÂÂÂ XXX êêê ‘‘ ‘ ÅÅÅ •• • �� � CCC zzz '''

XXX •• • ´´ ´ ‘‘ ‘ XXX ØØØ ÓÓÓ �� � �� � ããã ØØØ ÓÓÓ §§§ ããã 3.5 www �� � 1§§§ 2ÚÚÚ 4�� � ããã�� � (( ( JJJ "" " ÏÏ Ï •• • 3ÚÚÚ 4�� � �� � OOO'' ' ���

�� � §§§ ¤¤¤ ±±± ããã ¥¥¥ ÒÒÒ vvv kkk www ««« 3�� � ããã�� � (( ( JJJ "" "
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Sogandares and Fry, 1997
Pope and Fry, 1997
Querry et al, 1991
Quickenden and Irvin, 1980
Tam and Patel, 1979
Querry, Cary and Waring, 1978
Kopelevich, 1976
Palmer and Williams, 1974
Sullivan, 1963
Quickenden and Irvin, Purity 1
Quickenden and Irvin, Purity 2

ããã 3.5: ¢¢¢ ��� ÿÿÿ þþþ ��� YYY ��� ááá ÂÂÂ XXX êêê [78{87]"""

ÄÄÄ uuu þþþ ¡¡ ¡ �� � ¢¢¢ �� � (( ( JJJ §§§ ïï ï ááá 

 
 ˜̃̃ ‡‡‡ ''' uuu YYY ááá ÂÂÂ XXX êêê ††† ÅÅÅ ••• '' ' XXX �� � ��� ... §§§ ééé uuu ŒŒŒ

æææ�� � ¢¢¢ �� � §§§ ¤¤¤ '' ' %%%111 ff f �� � ÅÅÅ •• • ‰‰‰ŒŒŒ333 200nm�� � 800nmƒƒƒ mmm §§§ ÏÏ Ï ddd bbb �� � ••• 333 ˜̃̃ ‡‡‡ ••• �� � ���

ááá ÂÂÂ XXX êêê amin §§§ ¤¤¤ ééé AAA �� � êêê âââ :: : 333 (200nm-320nm)•• • QuickendenÚÚÚ Irvin1980ccc �� � ¢¢¢ �� � êêê

âââ ,333 (380nm-727.5nm)•• • PopeÚÚÚ Fry �� � êêê âââ §§§ 333 (728-790nm)ƒƒƒ mmm •• • Sullivan�� � êêê âââ §§§ æææ^^^



 
 Sullivan�� � êêê âââ òòò ÅÅÅ •• • ** * ÐÐÐ �� � 

 
 800nm§§§ ˜̃̃ "" " ���// / •• • ^̂̂ ‚‚ ‚ 555 �� � ŠŠŠ ��� •• •{ {{ ÖÖÖ ààà §§§ �� � ^̂̂

nnn ‡‡‡ ëëë •• • êêê âââ �� � ¥¥¥ %%% ŠŠŠ §§§ ��� ÑÑÑ

 
 êêê âââ ††† êêê ŠŠŠƒƒƒ mmm �� � ØØØ ((( ½½½ÝÝÝ (10%††† mmm ½½½ XXX ••• ��� )§§§

ÓÓÓ žžž �� � ÑÑÑ

 
 ØØØ ÓÓÓ êêê âââ ÿÿÿ þþþ ƒƒƒ mmm ��� §§§ ÝÝÝ ��� OOO µµµ [82]¥¥¥ 25ÝÝÝ §§§ [80]¥¥¥ 22ÝÝÝ "" " 333ùù ù ppp ½½½ ÂÂÂ



 
 ˜˜ ˜ ‡‡‡ VVV \\ \ ¤¤¤ ©©© ai = ai (200nm )
(�= 200nm )4 §§§ ùùù ppp �� � ai (200nm)´´ ´ 333 200nm??? YYY �� � ááá ÂÂÂ XXX êêê §§§ ddd?? ?

�� � 1=� 4 �� � '' ' XXX aaa '' ' YYY �� � RayleighÑÑÑ �� � ††† ÅÅÅ •• • �� � ''' XXX "" " 333 ããã 3.6¥¥¥ ŒŒŒ±±± www �� � TTT ��� .. . ††† êêê

âââ ÎÎ Î ÜÜÜ �� � éééÐÐÐ "" " ooo �� � ááá ÂÂÂ XXX êêê ÒÒÒ ŒŒŒ{{ { zzz •• • a = amin + ai "" " XXX ai (200nm) = 0 §§§ KKK ééé AAA

uuu •• • ŒŒŒ�� � ááá ÂÂÂ •• • ÝÝÝ (•• • XXX ÀÀÀ �� � YYY )•• • 226m333 ÅÅÅ •• • •• • 417nm??? "" " ããã 3.7¤¤¤ ««« •• • ai (200nm)†††

•• • ŒŒŒááá ÂÂÂ •• • ÝÝÝ ƒƒƒ mmm �� � '' ' XXX "" "

ÏÏ Ï LLL ¢¢¢ �� � �� � êêê âââ ïï ï ááá �� � �� � ... òòò YYY ááá ÂÂÂ •• • ÝÝÝ ††† ÅÅÅ ••• �� � ''' XXX ëëë êêê zzz §§§ ŒŒŒAAA^^ ^uuu ŒŒŒæææ

�� � YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ìì ì �� �[[ [ ¥¥¥ §§§ ÏÏ Ï LLL NNN !! ! ˜˜ ˜ ‡‡‡ ëëë êêê 555 ••• BBB �� � ??? UUU YYY ��� ááá ÂÂÂ ••• ÝÝÝ §§§ ùùù ‡‡‡

ëëë êêê ŒŒŒ±±± LLL �� � YYY �� � XXX ÀÀÀ ÝÝÝ §§§ �� � .. . ††† ¢¢¢ �� � (( ( JJJ '' ' �� � ÎÎ Î ÜÜÜ "" " 333 ááá ÂÂÂ •• • ÝÝÝ �� � ... ¥¥¥ §§§ ØØØ •••

)) ) RayleighÑÑÑ �� � �� � �� � zzz "" "
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Sogandares and Fry, 1997
Pope and Fry, 1997
Querry et al, 1991
Quickenden and Irvin, 1980
Tam and Patel, 1979
Querry, Cary and Waring, 1978
Kopelevich, 1976
Palmer and Williams, 1974
Sullivan, 1963
Quickenden and Irvin, Purity 1
Quickenden and Irvin, Purity 2

Fake (30.0m, 473nm)
Fake (53.4m, 435nm)
Fake (226m, 417nm)

ããã 3.6: ááá ÂÂÂ XXX êêê ��� ��� ... ††† ¢¢¢ ��� êêê âââ ééé ''' """ ããã 3.7: ááá ÂÂÂ XXX êêê ††† ••• ŒŒŒááá ÂÂÂ ••• ÝÝÝ ƒƒƒ mmm ��� '''
XXX """

3.2.4 ^^^ ‡‡‡ �� � ŒŒŒ‚‚ ‚ 555 �� � �� � yyy

333 ^^^ ‡‡‡ ééé &&& ÿÿÿ ìì ì ‰‰‰�� �[[ [ �� � OOO ƒƒƒ ccc §§§ ÄÄÄ kkk ‡‡‡ ééé ^̂̂ ‡‡‡ ��� ŒŒŒ‚‚ ‚ 555 ??? 111 ��� yyy """ ^^^ G4dyb���

�� � [[ [ ®®® kkk �� � ¢¢¢ �� � §§§ || | ^^^ ˜˜ ˜ ‡‡‡ •• • YYY ‡‡‡ ®®® kkk �� � ¢¢¢ �� � êêê âââ [88, 89]§§§ www �� �[[ [ ††† êêê âââ �� � (( (

JJJ ´´ ´ ÄÄÄÎÎ Î ÜÜÜ "" " TTT YYY ‡‡‡ �� � �� � NNN �� � EEE XXX ããã ¤¤¤ ««« §§§ YYY ‡‡‡ �� � �� � NNN µµµ eee ááá �� � æææ ^^^ �� � ´́´ 1fff ’’’

þþþ �� � PVC††† §§§ YYY ‡‡‡ �� � SSS ÜÜÜ CCCXXX �� � ´´ ´ tyvek �� � §§§ üüü ààà ´´ ´ SSS 999 ´´ ´ ÛÛÛ kkk �� � ooo �� � �� � ¾¾¾ �� � ÔÔÔ ¡¡¡

�� � WinstonCone(( ( �� � [90]§§§ 333 ÙÙÙ �� � :: : ŒŒŒ±±± ÂÂÂ 888 ²² ² 111 111 "" " üüü ààà�� � 111 >>> �� � OOO +++ ´´ ´ EMI �� � 8===

€€€ �� � PMT "" " 333 YYY ‡‡‡ ¥¥¥ �� � )) ) �� � êêê ÕÕÕ ………ÅÅÅ 111 ²² ² LLL tyvek �� � ÚÚÚ ¾¾¾ �� � �� � ‡‡‡ �� � �� � ˆˆ ˆ üüü ààà�� �     

uuu Winston Cone�� � :: : ??? �� � 111 >>> �� � OOO +++ "" " YYY ‡‡‡ �� �º ºº ÜÜÜ ÚÚÚ .. . ÜÜÜ ˆ̂̂ kkk ˜̃̃ ‡‡‡ ððð ccc NNN �� � OOO êêê ììì

^^^uu u (( ( ½½½ \\ \ �� � ‰‰‰»»» ‚‚ ‚ � ff f �� � ˜˜ ˜ mmm &&& EEE ,XXX ããã 3.8¤¤¤ ««« """

ããã 3.8: ••• YYY ‡‡‡ ¢¢¢ ��� ��� ((( ��� ããã [88]"""
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ããã 3.9¤¤¤ ««« •• • „„ „ AAA kkk ÛÛÛ �� �[[ [ ¥¥¥ ¤¤¤ ¦¦ ¦ ^^^ �� � ˜˜ ˜ 

 
 ëëë êêê §§§ •• • ))) tyvek �� � ‡‡‡ �� � ÇÇÇ (90%)§§§ Al �� �

�� � ‡‡‡ �� � ÇÇÇ ( 90%)§§§ YYY �� � ááá ÂÂÂ •• • ÝÝÝ ÚÚÚ PMT �� � þþþ ff f �� � ÇÇÇ "" " ¢¢¢ �� � ¥¥¥ PMT �� � ÂÂÂ �� �� �� 111 >>> ff f êêê

††† � ff f \\ \ �� �      ˜˜ ˜ ††† PMT �� � ååå lll kkk '' ' §§§ kkk ˜̃˜ ‡‡‡ '' ' ��� ;;; .. . �� � ••• êêê '' ' XXX e� x=� §§§ ùùù ppp �� � x´´ ´

\\ \ �� � �� � � ff f ååå ll l PMT �� � ååå ll l §§§ � •• • ˜˜ ˜ ëëë êêê ¡¡ ¡ ƒƒƒ •• • // / kkk �� � PPP ~~~ •• • ÝÝÝ 000 §§§ §§§ ddd YYY �� � ááá ÂÂÂ

•• • ÝÝÝ §§§ tyvek‡‡‡ �� � ÇÇÇ ÚÚÚ &&& ÿÿÿ ìì ì �� � AAA ÛÛÛ ûûû ½½½ "" " eee ããã ¤¤¤ ««« ÒÒÒ ´´ ´ RRR ††† �� � � ff f 333 ØØØ ÓÓÓ �� � \\ \ �� �     

˜˜ ˜ ††† PMT ÉÉÉ �� � 111 >>> ff f ‡‡‡ êêê �� � '' ' XXX ããã §§§ ¢¢¢ �� � ¥¥¥ YYY ��� kkk ��� ��� PPP ~~~ •• • ÝÝÝ •• • 5.7� 0.3’’ ’ §§§ XXX

ããã 3.10¤¤¤ ««« "" "

ããã 3.9: ¢¢¢ ��� ¥¥¥ ¤¤¤ ^^^ ��� 111 ÆÆÆ ëëë êêê §§§ •••
))) tyvek��� ‡‡‡ ��� ÇÇÇ ,Al ��� ��� ‡‡‡ ��� ÇÇÇ YYY
��� ááá ÂÂÂ ••• ÝÝÝ ÚÚÚ PMT ��� þþþ fff ��� ÇÇÇ
[88]"""

ããã 3.10: &&& ÿÿÿ ììì ééé uuu � fff \\\ ���     ˜˜˜ ��� •••
AAA §§§ ¢¢¢ ��� ¥¥¥ ��������� kkk ��� ��� PPP ~~~ •••
ÝÝÝ ••• 5:7 � 0:3m§§§ êêê âââ 555 ggg [88]"""

ùùù ppp ¦¦ ¦ ^^^ ŒŒŒæææ �� � &&& ÿÿÿ ìì ì �� �[ [[ ^̂̂ ‡‡‡ G4dyb§§§ ¿¿¿ ¦¦¦ ^̂̂ ¢¢¢ �� � ¥¥¥ �� � ëëë êêê 555 �� � ïï ï •• • YYY ‡‡‡ &&&

ÿÿÿ ìì ì §§§ ééé ÙÙÙ ??? 111 �� �[[ [ §§§ 555 ­­ ­ EEE ¢¢¢ �� � ��� LLL §§§ §§§ ††† ¢¢¢ ��� ��� êêê âââ?? ? 111 ééé ''' "" " ããã 3.11•• • ¦¦ ¦

^^^ G4dyb�� � �� �[[ [ (( ( JJJ ††† ¢¢¢ ��� êêê âââ ���é éé ''' §§§ �� �[ [[ ††† ¢¢¢ �� � ŒŒŒ±±± éééÐÐÐ �� � ÎÎ Î ÜÜÜ """ ddd ddd ŒŒŒ±±± 555

�� � yyy ^^^ ‡‡‡ �� � ŒŒŒ‚‚ ‚ 555 ÚÚÚ kkk �� �55 5 "" "

3.3 ŒŒŒæææ ��� YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ììì ��� ��� OOO ÚÚÚ ``` zzz

ŒŒŒæææ�� � ƒƒƒ ¤¤¤ ±±± æææ^^^ YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ììì §§§ ´́́ ÏÏÏ •• • XXX JJJ æææ^^^ ¥¥¥ %%%&&& ÿÿÿ ììì 			ŒŒ Œkkk YYY ���

(( ( �� � §§§ UUU 

 
 444 ŒŒŒ// / ØØØ $$$ ±±± ŒŒŒñññ œœœÚÚÚ ååå �� � ˜˜ ˜ �� � 555 �� � ... §§§ 

 
 ééé uuu‰‰‰»»» ‚‚‚ �� � ¯¯ ¯ ¥¥¥ fff �� � .. .� ��

üüü $$$ •• • kkk AAA �� � §§§ ÏÏ Ï ddd II I ‡‡‡ ‡‡‡ÎÎ Î ÜÜÜ &&& ÿÿÿ ìì ì 555 ØØØ $$$ ¯¯ ¯ ¥¥¥ fff �� � .. . """ YYY �� � ŒŒŒ±±± ooo ‰‰‰¤¤¤ êêê ÕÕÕ ………

ÅÅÅ &&& ÿÿÿ ìì ì §§§ 333 ppp XXX ÀÀÀ YYY SSS CCC 111 >>> �� � OOO +++ ??? 111 YYY êêê ÕÕÕ ………ÅÅÅ 111 �� � ÿÿÿ þþþ äää kkk ppp &&& ÿÿÿ �� � ÇÇÇ

£££ > 95%¤¤¤§§ § ppp �� � &&& ÿÿÿ �� � ÇÇÇ UUU 

 
 rr r � ff f 333 YYY ¥¥¥ �� � )) ) �� � ¥¥¥ ff f �� � .. . ~~~ �� � ššš ~~~ $$$�� � YYY ²² ² §§§ ééé

‰‰‰»»» ‚‚ ‚ �� � )) ) ¥¥¥ ff f �� � üüü ØØØ �� � ÇÇÇ > 99.5% §§§ ØØØ �� � < 0.25% "" " ŒŒŒæææ�� � ¢¢¢ �� � •• • )) )üü ü ‡‡‡ CCC :: : ÚÚÚ ˜˜ ˜

‡‡‡ �� � :: : §§§ �� � nnn ‡‡‡ YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ìì ì §§§ &&& ÿÿÿ ìì ì �� � nnn ��� OOO þþþ ÄÄÄ ��� ˜˜ ˜�� � §§§ === // / GGG ØØØ ÓÓÓ §§§ eee

¡¡ ¡ �� � ïï ï ÄÄÄ �� � ééé �� � :: : &&& ÿÿÿ ìì ì §§§ CCC :: : &&& ÿÿÿ ìì ì �� � OOO ††† ƒƒƒ aaa qqq "" " ©©© ¥¥¥ ¡¡ ¡ YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ìì ì •••

// / YYY ³³ ³ 000 §§§ SSS ÜÜÜ YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ìì ì ¡¡ ¡ // / SSS YYY ³³ ³ 000 §§§ 		 	 ÜÜÜ YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ìì ì ¡¡ ¡ ƒƒƒ •••
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ããã 3.11: ¦¦¦ ^^^ G4dyb��� ���[[[ ((( JJJ ††† ¢¢¢ ��� ((( JJJ ���ééé ''' """

// / 		 	 YYY ³³ ³ 000"" " eee ¡¡ ¡ ééé ŒŒŒæææ�� � 4«««ÌÌ Ì ‡‡‡ ��� ‡‡‡Î ÎÎ ÜÜÜ &&& ÿÿÿ ììì ••• YYY ??? 111 '' ' ��� ÚÚÚ `` ` zzz §§§ ùùù 4««« •••

YYY•• • )) ) üüü �� � �� � YYY ³³ ³ 		 	 ÜÜÜ \\ \ ððð ccc NNN •• • YYY §§§ üüü �� � �� � YYY ³³³ 			 ÜÜÜ \\ \ ••• YYY ‡‡‡ ••• YYY §§§ VVV ��� SSS 		 	 YYY

³³ ³ •• • YYY ÚÚÚ ll l �� � VVV �� � YYY ³³ ³ •• • YYY "" " ÏÏ Ï LLL �� � OOO ÚÚÚ `` ` zzz §§§ ((( ½½½ ll l �� � VVV �� � YYY ³³³ •• • ŒŒŒæææ ��� YYY êêê ÕÕÕ

………ÅÅÅ &&& ÿÿÿ ìì ì �� � •• • ªª ª •• • YYY "" "

3.3.1 ŒŒŒæææ�� � �� � ‰‰‰»»» ‚‚ ‚ &&& EEE

ééé ŒŒŒæææ �� � ??? 111 �� �[[ [ §§§ ÄÄÄ kkk III ‡‡‡ •• • �� � ŒŒŒæææ ��� ˆ̂ˆ‡‡ ‡ ¢¢¢ ��� ::: � ff f 666 rr r §§§ UUU ÌÌ Ì �� � ÝÝÝ ©©© ÙÙÙ

�� � ƒƒƒ '' ' &&& EEE §§§ ùùù ÜÜÜ ©©© �� �[[ [ óóó ŠŠŠ ®®® ²² ² �� � ¤¤¤ [91]"" " 333 ŒŒŒæææ�� � ¢¢¢ �� � �� � zzz ‡‡‡ ¢¢¢ �� � :: : ìì ì NNN LLL ¡¡ ¡

�� � � ff f bbb ½½½ •• • °° ° ²² ² ¡¡ ¡ � ff f §§§ === II I OOO ©©© ÙÙÙ úúú ªª ª (Gaisser's formula)§§§ ¿¿¿ ééé ddd úúú ªª ª ??? 111 

 
 ˜˜ ˜



 
 777 ‡‡‡ �� � ??? �� � §§§ ,, , �� � ééé ¢¢¢ SSS // / // / ??? 111 êêê ii i zzz """ 333 ddd ÄÄÄ ::: þþþ §§§ ¦¦ ¦ ^̂̂ MUSIC(ééé � ff f �� �

[[ [ �� � ^^^ ‡‡‡ ) §§§ SSS �� �[[ [ � ff f BBB LLL ñññ œœœ�� � LLL §§§ §§§ ••• ��� �� ��� � ˆ̂̂‡‡‡ ¢¢¢ �� � :::� �� � ff f 666 rr r ©©© ÙÙÙ "" "

LLL 3.4¥¥¥ ¤¤¤ ««« •• • ˆˆ ˆ‡‡ ‡ ¢¢¢ �� � :: : � ff f �� � �� �[[ [ (( ( JJJ §§§ ˆˆ ˆ‡‡ ‡ ¢¢¢ �� � :: :�� � � ff f ÏÏ Ï þþþ ÚÚÚ UUU þþþ �� � ÚÚÚ OOO &&&

EEE µµµ

°°° ooo ppp ÝÝÝ (m) � fff 666 rrr (Hz/m 2) ²²² þþþ UUU þþþ (GeV)

ŒŒŒæææ ��� CCC ::: 98 1.2 55.3

*** eee CCC ::: 112 0.70 61.4

��� ::: 356 0.041 140.3

LLL 3.4: nnn ‡‡‡ ¢¢¢ ��� ::: ??? � fff ��� ���[[[ ((( JJJ

eee ¡¡ ¡ ´´ ´ ØØØ ÓÓÓ ¢¢¢ �� � :: :�� � UUU ÌÌ Ì µµµ
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ããã 3.12: nnn ‡‡‡ ¢¢¢ ��� ::: ??? /// eee � fff ��� UUU þþþ -666 rrr '''
XXX """

)  of underground muon �1+cos(
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ããã 3.13: nnn ‡‡‡ ¢¢¢ ��� ::: ??? /// eee � fff \\\ ��� ••• ••• 444 ���
��� ©©© ÙÙÙ """

ããã 3.12www ««« 

 
 ŒŒŒæææ�� � CCC :: : !! ! ** * eee CCC :: : !! ! ¥¥¥ :: : (yyy 333 �� � OOO ¥¥¥ ��� žžž )ÚÚÚ �� � ::: ??? // / eee � ff f

�� � UUU þþþ ©©© ÙÙÙ "" " ŒŒŒæææ �� � CCC :: : ??? §§§ nnn ÜÜÜ ìì ì NNN CCCXXX •• • �� � §§§ � ff f 666 rr r •• • ppp §§§ ããã 3.13www ««« �� � ´´ ´

ùùù ooo ‡‡‡ ¢¢¢ �� � :: : ??? // / eee � ff f �� � 444 �� � ©©© ÙÙÙ §§§ ddduu u 333 ���[ [[ LLL §§§ ¥¥¥••• ���[[ [ 

 
 444 ��� �� � uuu 75ÝÝÝ

�� � � ff f §§§ ããã ¥¥¥ mmm eee ÜÜÜ �� � �� � äää ´´ ´ ddd ùùù ‡‡‡ �� � ÏÏ Ï EEE ¤¤¤ �� � "" " ccc ¡¡ ¡ JJJ �� � LLL §§§ MUSIC´´ ´ nnn ‘‘ ‘ ���[ [[

§§§ SSS §§§ UUU 

 
 �� �[[ [ � ff f 333 ñññ œœœ¥¥¥ DDD ÂÂÂ žžž ddduu u ÑÑÑ �� � // / ¤¤¤ �� � »»» ,,, �� �     === §§§ ùùù ¦¦¦ �� � EEE ¬¬¬ •••

333 � > 75� �� �// / eee � ff f §§§ ããã ¥¥¥ � > 75� ÝÝÝ ??? §§§ � ff f �� � OOO êêê ØØØ •• • "" " www ««« �� � ´́́ ùùù ÜÜÜ ©©© � ff f �� �

[[ [ (( ( JJJ "" " � ff f �� � •• •      �� � ©©© ÙÙÙ www ««« 333 ããã 3.14¥¥¥ §§§ ããã ¥¥¥ ‹‹ ‹ II I XXX •• • x¶¶¶ ŠŠŠ ÀÀÀ !! ! z¶¶¶ ŠŠŠ þþþ �� � mmm

azimuthal angle of underground muon 
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ããã 3.14: nnn ‡‡‡ ¢¢¢ ��� ::: ??? /// eee � fff \\\ ��� ••• ••• •••     ��� ©©© ÙÙÙ """

ÃÃÃ XXX "" " ooo ^^^ ­­ ­ ‚‚ ‚ww w ««« ÑÑÑ ooo ‡‡‡ // /:: : ??? �� � ìì ì // / ‘‘ ‘ •• •      ��� ��� CCC zzz ''' XXX "" " ŒŒŒæææ�� � ��� ììì // / rr r •••

´´ ´ HHH $$$ �� � ppp §§§ NNN CCC •• • ppp �� � ìì ì ¸¸ ¸ 333 �� �>> >      ÜÜÜ •• • •• • §§§ ããã ¥¥¥ ooo ^^^ ­­ ­ ‚‚ ‚ 333 •• •      �� � ŒŒŒuuu 250ÝÝÝ

žžž §§§ � ff f �� � OOO êêê �� � NNN CCC �� � ‡‡‡ NNN ÑÑÑ ìì ì // / OOO ŽŽŽ �� � ((( JJJ ††† ¢¢¢ SSS ��� ìì ì /// ƒƒƒ ÎÎ Î """
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3.3.2 &&& ÿÿÿ �� � ÇÇÇ �� �½½½ ÂÂÂ

ŒŒŒæææ �� � �� � ‡‡‡ÎÎ Î ÜÜÜ XXX ÚÚÚ ^^^ 555 ‡‡‡ÎÎ Î ÜÜÜ ‰‰‰»»» ‚‚ ‚ � ff f §§§ XXX JJJ kkk � ff f ÏÏÏ LLL §§§ ‡‡‡Î ÎÎ ÜÜÜ XXX ÚÚÚ&&&

ÿÿÿ ìì ì ÒÒÒ ¬¬¬ mmm ˜˜ ˜ ‡‡‡ 200‡‡‡ ¦¦ ¦ �� � ‡‡‡ÎÎ Î ÜÜÜ €€€ """ ·· · ‚‚‚ ‡‡‡ ¦¦ ¦ ddduu u ‘‘‘ ÅÅÅ ÎÎ Î ÜÜÜ EEE ¤¤¤ XXX ÚÚÚ ��� kkk žžž mmm

�� � uuu 1%§§§ ÏÏ Ï ddd PMT ‘‘ ‘ ÅÅÅ ÎÎ Î ÜÜÜ &&& ÒÒÒ �� � ªªª ÇÇÇ �� � uuu 50Hz"" " ééé uuu ŒŒŒæææ �� � ��� YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ

ìì ì §§§ ‘‘ ‘ ÅÅÅ ÎÎ Î ÜÜÜ ÌÌ Ì ‡‡‡ 555 ggg uuu PMT �� � 999 DDD ((( "" " 333 ¿¿¿ §§§ eee PMT ��� 111 ÒÒÒ 444 ááá ��� ¬¬¬ ÑÑÑ yyy 999 >>> fff

uuu �� � §§§ ¿¿¿ ²² ² LLL ‹‹ ‹ <<< 444 õõõ ??? ˜˜ ˜ ŒŒŒ// / ¤¤¤ DDD (( ( &&& ÒÒÒ §§§ DDD (( ( &&& ÒÒÒ AAA ��� ÑÑÑ ´´ ´ üüü >>> fff &&& ÒÒÒ §§§ §§§

††† PMT �� � 555 UUU ÚÚÚ ±±± ŒŒŒ‚‚ ‚ ¸¸ ¸ §§§ ÝÝÝ�� � kkk '' ' XXX "" "

bbb �� � XXX ÚÚÚ ¥¥¥ PMT �� � ooo êêê •• • N§§§ ÙÙÙ ¥¥¥ KKK ŠŠŠ •• • n (––– �� � XXX »»» �� � PMT �� � ‡‡‡ êêê )§§§ fLLL ««« ˜˜ ˜ ‡‡‡

111 >>> �� � OOO +++ 999 DDD (( ( �� � ªª ª ÇÇÇ §§§ � LLL ««« >>> fff ÆÆÆ�� � óóó ÀÀÀ €€€ °° ° žžž mmm "" " @@@ooo ‘‘‘ ÅÅÅ ÎÎ Î ÜÜÜ ��� ªª ª ÇÇÇ ÒÒÒ

÷÷÷ vvv XXX eee �� � '' ' XXX µµµ

R =
1
�

NX

i = n

iC i
N (f � ) i (1 � f � )N � i ; ( 3.10)

ããã 3.15: PMTÀÀÀ ��� ��� XXX »»» ��� ‡‡‡ êêê KKK ŠŠŠ ††† ‘‘‘ ÅÅÅ ÎÎÎ ÜÜÜ ªªª ÇÇÇ ƒƒƒ mmm ��� ''' XXX (ùùù ppp bbb ��� PMT ��� ‡‡‡ êêê
••• 200‡‡‡ §§§ PMT ��� 999 DDD ((( ••• 50kHz§§§ mmm >>> fff ÆÆÆ��� €€€ °°° ••• 100ns)"""

PMT �� � 999 DDD (( ( §§§ PMT �� � ooo êêê §§§ >>> fff ÆÆÆmmm ��� €€€ °° ° ÚÚÚ ÀÀÀ ��� ��� KKK ŠŠŠ ´´ ´ KKK ••• ‘‘ ‘ ÅÅÅ ÎÎ Î ÜÜÜ ªªª

ÇÇÇ �� � ooo ‡‡‡ ÏÏ Ï ƒƒƒ "" " ¢¢¢ �� � ¥¥¥ ÀÀÀ �� � KKK ŠŠŠ ÒÒÒ ´´ ´ ‡‡‡ ¦¦¦ ––– �� � õõõ �� � ‡‡‡ PMT XXX »»» §§§ ÀÀÀ ��� ��� KKK ŠŠŠ ��� ppp §§§

‘‘ ‘ ÅÅÅ ÎÎ Î ÜÜÜ �� � ¯¯ ¯ ~~~ ÇÇÇ �� � $$$ """ ããã 3.15¤¤¤ ««« •• • PMT XXX »»» KKK ŠŠŠ ��� ÀÀÀ JJJ ††† ‘‘‘ ÅÅÅ ÎÎ Î ÜÜÜ ªªª ÇÇÇ ƒƒƒ mmm ���

'' ' XXX "" "

333 ŒŒŒæææ �� � �� � ¢¢¢ �� � ¥¥¥ ‡‡‡ ^^^ �� � PMT ÌÌ Ì ‡‡‡ 555 ggg uuu FFF �� �TT T tt t �� � PMT ÚÚÚ MACRO ¢¢¢ �� � ^̂̂

LLL �� � ÎÎ Î �� � PMT( ŒŒŒ�� � 400‡‡‡ )"" " ééé uuu TTT tt t �� � PMT ÿÿÿ þþþ �� � (( ( JJJ §§§ PMT �� � 999 DDD (( ( ÄÄÄ �� � þþþ

ÑÑÑ < 5kHz"" " MACRO ÎÎ Î �� � PMT ÌÌ Ì ‡‡‡ ^^^uu u ‡‡‡ÎÎ Î ÜÜÜ &&& ÿÿÿ ììì §§§ �� � ´́́ ÎÎ Î �� � PMT ��� DDD (( (     ŒŒŒ§§§ DDD



40 111 3 ÙÙÙ ŒŒŒæææ ��� YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ììì ��� ��� OOO ÚÚÚ ``` zzz

(( ( �� � ²² ² þþþþþ þ ŠŠŠ 333 20kHz††† mmm §§§ 

 
 ˜˜ ˜ „„ „ �� � ### �� � PMT 999 DDD (( ( ��� YYY ²²² < 5kHz"" " ÏÏ Ï ddd 333 ‰‰‰�� � ÇÇÇ

OOO ŽŽŽ ƒƒƒ ccc §§§ ·· · ‚‚ ‚ bbb �� � PMT �� � 999 DDD (( ( �� � YYY ²² ² 333 50kHz§§§ ¦¦ ¦ ^^^ 50kHź´ ´ •• • 

 
 ‰‰‰�� � ÅÅÅ ��� �� � ÇÇÇ

OOO ŽŽŽ "" "

¢¢¢ �� � ¥¥¥ II I ‡‡‡ ÀÀÀ JJJ ÜÜÜ ·· · �� �>> > fff ÆÆÆ€€€ °° ° žžž mmm §§§ XXX JJJ òòò žžž mmm II I mmm �� � ��� �� � §§§ ØØØ UUU ¦¦¦ ¤¤¤ kkk

�� � &&& ÒÒÒ ÑÑÑ ??? \\ \ �� � žžž mmm II I ¥¥¥ §§§ XXX JJJ žžž mmm II I mmm �� � �� � ŒŒŒ§§§ ŒŒŒUUU ÑÑÑ yyy ŒŒŒþþþ ��� DDD (( ( ??? \\\ �� � žžž mmm

II I ¥¥¥ §§§ ÏÏ Ï ddd ÀÀÀ �� � ·· · �� �� �� žžž mmm II I ´´ ´ ššš ~~~ ­­­ ‡‡‡ �� � "" " ããã 3.16www ««« �� � ÒÒÒ ´´ ´ ���[ [[ ��� 111 >>> ff f ��� ˆ̂̂

�� � žžž mmm ©©© ÙÙÙ (�� �[[ [ ¥¥¥ tyvek �� � ‡‡‡ �� � ÇÇÇ � 80%§§§ YYY �� � ááá ÂÂÂ •• • ÝÝÝ max.� 20m)

Hittimedis
Entries  1591497
Mean    35.58
RMS        30
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ããã 3.16: 111 >>> fff ��� ˆˆˆ žžž mmm ��� ©©© ÙÙÙ """
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ããã 3.17: >>> fff ÆÆÆ€€€ °°° ††† UUU 


 ÂÂÂ 888 ������ 111 >>>
fff ��� ''' ~~~ ��� ''' XXX """

ããã 3.17¤¤¤ ««« •• • ØØØ ÓÓÓ �� �>> > ff f ÆÆÆ�� � €€€ °° ° UUU 

 
 ??? \\ \ 111 >>> ff f '' ' ~~~ �� �õ õõ �� � §§§ ŒŒŒ±±± www ����� � €€€ °°°

ŒŒŒuuu 200ns�� � §§§ AAA �� � ŒŒŒ±±± ÂÂÂ 888 �� � 

 
 99.8%±±± þþþ �� � 111 >>> ff f "" " ••• ªªª (( ( ½½½ €€€ °°° 333 200ns§§§ ÄÄÄ ���

þþþ ¤¤¤ kkk �� � 111 >>> ff f ÑÑÑ ŒŒŒ±±± ÂÂÂ 888 �� � "" "

¢¢¢ �� � ¥¥¥ ééé &&& ÿÿÿ �� � ÇÇÇ ½½½ ÂÂÂ µµµ

Eef f i =
ndetect

N Inwater
( 3.11)

ÙÙÙ ¥¥¥ ndetect´´ ´ &&& ÿÿÿ �� ��� � � ff f �� � ‡‡‡ êêê §§§ N Inwater ´´ ´ BBB LLL YYY ³³ ³ �� � � ff f �� � ooo �� � ‡‡‡ êêê "" " ¢¢¢ �� � ¥¥¥ ÏÏ Ï

LLL &&& ÿÿÿ � ff f uuu ÑÑÑ �� � êêê ÕÕÕ ………ÅÅÅ 111 fff 555 &&& ÿÿÿ � fff §§§ ¤¤¤ ±±± 333 PMT �� � ‡‡‡ êêê ˜̃˜ ½½½�� � œœœ¹¹¹ eee §§§ YYY ���

ááá ÂÂÂ •• • ÝÝÝ �� � •• • §§§ tyvek �� � ‡‡‡ �� � ÇÇÇ �� � ppp §§§ 111 ff f ŒŒŒ±±± DDD ÂÂÂ �� � ����� � §§§ ùùù ��� 111 fff 555 £££ ‡‡‡ ��� �� � ggg

êêê �� � õõõ §§§ PMT ŒŒŒ±±± �� � ÂÂÂ ���� �� 111 ff f êêê ÒÒÒ ��� õõõ §§§ &&& ÿÿÿ � fff ��� �� � ÇÇÇ ÒÒÒ �� � ppp ¶¶¶ ,,, 		 	 ¥¥¥ %%% &&& ÿÿÿ

ìì ì 		 	 ÜÜÜ �� � ggg -- - �� � ‡‡‡ �� � ÇÇÇ ppp $$$ •• • KKK •• • SSS YYY ³³³ �� � &&& ÿÿÿ �� � ÇÇÇ "" "

3.3.3 üüü �� � �� � YYY ³³ ³ + 		 	ŒŒŒððð ccc NNN •• • YYY

3.3.3.1 SSS ��� YYY ³³³

ddduu u ŒŒŒæææ�� � $$$ �� � .. .�� � ¢¢¢ �� �‡ ‡‡ ¦¦ ¦ §§§ 333 ��� OOO ‡‡‡Î ÎÎ ÜÜÜ &&& ÿÿÿ ììì žžž §§§ ÒÒÒ ��� OOO ••• VVV �� � ‡‡‡ÎÎ Î ÜÜÜ

XXX ÚÚÚ "" " ††† ¥¥¥ %%%&&& ÿÿÿ ìì ì �� � >>> ´´ ´ YYY §§§ SSS �� � �� � &&& ÿÿÿ ìì ì ÒÒÒ ��� OOO •• • YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ììì §§§ 		 	 �� � æææ
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^^^ ððð ccc NNN&&& ÿÿÿ ìì ì 555 ŠŠŠ •• • ,, , ˜˜ ˜ ««« ‡‡‡ÎÎ Î ÜÜÜ �� � &&& ÿÿÿ ìì ì "" " üüü �� � YYY ³³ ³ �� � ºº º €€€ •• • 14m*14m*9m§§§ YYY

�� � �� � þþþ ÝÝÝ •• • 1.5m§§§ 		 	ŒŒŒÒÒÒ ^^^ �� � NNN ððð ccc NNN ŠŠŠ •• • 111 �� � ��� �� � &&& ÿÿÿ ìì ì """

ããã 3.18: üüü ��� YYY ³³³ ��� ::: ÀÀÀ ããã (4‡‡‡ ŒŒŒ��� ‚‚‚ ••• ¥¥¥ %%% &&& ÿÿÿ ììì (nnn ��� ((( ��� )§§§ ��� ��� xxx ÚÚÚ ��� ::: ••• PMT) """

ããã 3.18¤¤¤ ««« ÒÒÒ ´´ ´ &&& ÿÿÿ ìì ì üüü �� � �� � YYY ³³ ³ §§§ YYY ³³ ³•• • •• • 14’’ ’ §§§ °° ° •• • 14’’ ’ §§§ ppp ••• 9’’ ’ §§§ PMT mmm

ååå •• • 1.52’’ ’ §§§ PMT þþþ !! ! {{ { ˜˜ ˜ §§§ ¤¤¤ ^^^ �� � PMT �� � ooo êêê •• • 321‡‡‡ "" " �� �[[ [ ¥¥¥ ^^^ �� �� �� ëëë êêê ••• tyvek �� �

‡‡‡ �� � ÇÇÇ •• • � 0.8(‡‡‡ �� � ÇÇÇ ´´ ´ ÅÅÅ •• • �� � ¼¼¼ êêê §§§ ùùù ppp �� � ‡‡‡ ��� ÇÇÇ ´´ ´ ••• tyvekþþþ ¯¯ ¯ žžž ��� ‡‡‡ �� � ÇÇÇ )§§§ YYY

�� � ááá ÂÂÂ •• • ÝÝÝ � 20’’ ’ (ááá ÂÂÂ •• • ÝÝÝ ´´ ´ ÅÅÅ •• • �� � ¼¼¼ êêê §§§ ùùù ppp �� � ááá ÂÂÂ •• • ÝÝÝ •• •áá á ÂÂÂ •• • ÝÝÝ�� � •• • ŒŒŒŠŠŠ )§§§

¥¥¥ %%%&&& ÿÿÿ ìì ì ggg -- - 		 	 LLL ¡¡ ¡ �� � ‡‡‡ �� � ÇÇÇ •• • 0.4"" " XXX ããã 3.19¤¤¤ ««« §§§ � ff f 333 YYY ³³ ³ ¥¥¥ »»» ,, , •• • ÝÝÝ�� � ²² ² þþþ

ŠŠŠ •• • 5.5m"" " ããã ¥¥¥ 4m††† mmm �� �      ˜˜ ˜ •• • 333 ˜˜ ˜ ‡‡‡ ¸¸ ¸ §§§ ,, , 		 	 ˜˜ ˜ ‡‡‡ ¸̧̧ 333 9m††† mmm �� �     ˜˜ ˜ "" "

Tracklength in water(m)
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hTrackLengthInner
Entries  20119
Mean    5.541
RMS     2.966
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Entries  20119
Mean    5.541
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ããã 3.19: � fff 333 YYY ³³³ ¥¥¥ ��� »»» ,,, ••• ÝÝÝ ©©© ÙÙÙ ããã """

ããã 3.20¤¤¤ ««« •• • 111 ff f ÂÂÂ ¥¥¥ PMT �� � žžž mmm �� � ©©© ÙÙÙ §§§ ²² ² þþþ ŠŠŠ 333 25ns§§§ ŒŒŒÜÜÜ ©©© �� � 111 ff f 333

ccc 200nsSSS ÄÄÄ �� � þþþ (99%±±± þþþ )ÑÑÑ �� � ÂÂÂ 888 �� � "" " ããã 3.21www ««« �� � ´´ ´ zzz ‡‡‡ � fff BBB LLL YYY ³³³ �� � §§§ YYY ³³³
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¥¥¥ �� � PMTs �� � ÂÂÂ �� � ooo 111 >>> ff f �� � ©©© ÙÙÙ §§§ ããã ¥¥¥ •• • 333 ˜˜ ˜ ‡‡‡ ¸¸ ¸ ÚÚÚ � ff f �� � »»» ,, , •• • ÝÝÝ�� � ©©© ÙÙÙ kkk ƒƒƒ qqq

ƒƒƒ ??? "" " ããã 3.22 •• • zzz ˜˜ ˜ ‡‡‡ PMT �� � ÂÂÂ �� ��� � 111 >>> ff f �� � ©©© ÙÙÙ ããã §§§ ééé ¤¤¤ kkk �� � � ff f ¯¯ ¯ ~~~ ‰‰‰ÚÚÚ OOO §§§

²² ² þþþ zzz ‡‡‡ ¯¯ ¯ ~~~ zzz ‡‡‡ PMT �� � ÂÂÂ �� ��� � 111 >>> ff f •• • 1.66‡‡‡ "" " ããã 3.23•• • PMT XXX »»» ‡‡‡ êêê �� � ©©© ÙÙÙ ããã §§§

²² ² þþþ ŠŠŠ 333 100§§§ === zzz ˜˜ ˜ ‡‡‡ � ff f BBB LLL YYY ³³ ³ �� � žžž §§§ ²² ² þþþ kkk 100‡‡‡ PMT XXX »»» "" "

p.e. hit time(ns)
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Hittimedis
Entries  9696171
Mean    25.31
RMS     27.47
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ããã 3.20: ��� ))) 111 >>> fff ��� 111 fff 888 ¥¥¥ PMT ��� žžž
mmm ©©© ÙÙÙ """

Output p.e. number
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Hittimedis
Entries  20119
Mean    481.8
RMS     273.7
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ããã 3.21: PMT&&& ÿÿÿ ������ ooo ��� 111 >>> fff ‡‡‡ êêê ©©©
ÙÙÙ """

Hittimedis
Entries  8346000
Mean    1.662
RMS     7.226

p.e number per PMT for all muons
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ããã 3.22: zzz ˜˜˜ ‡‡‡ PMT ÑÑÑ ÑÑÑ ��� 111 >>> fff ��� ‡‡‡ êêê
��� ©©© ÙÙÙ """

Fired PMT number
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Hittimedis
Entries  20119
Mean      100
RMS     35.93
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ããã 3.23: PMTXXX »»» ‡‡‡ êêê ��� ©©© ÙÙÙ """

3.3.3.2 			ŒŒŒ ððð ccc NNN

&&& ÿÿÿ ìì ì �� � 		 	ŒŒŒ^^^ ððð ccc NNN 555 ‰‰‰111 �� � �� � �� � &&& ÿÿÿ ììì §§§ XXX ããã 3.24¤¤¤ ««« §§§ ððð ccc SSS CCC 333 YYY ³³ ³ ���

±±± ŒŒŒ§§§ ŒŒŒ±±± ^^^ �� � ¬¬¬ zzz SSS CCC §§§ ããã ¥¥¥ ¤¤¤ ««« •• • .. . ÜÜÜ ˜˜ ˜ �� � ¬¬¬ ÏÏÏ LLL || | eee SSS CCC 333 YYY ³³ ³ ���. .. ÜÜÜ "" " ���

¬¬¬ 		 	 ÜÜÜ ^^^ ÝÝÝ ff f ———µµµ §§§ ððð ccc NNN      uuu ÝÝÝ ff f SSS ÜÜÜ "" " ¢¢¢ �� � æææ ^̂̂ ððð ccc NNN ´´ ´ ÏÏ Ï ••• ððð ccc NNN ��� ééé õõõ `̀̀

:: : §§§ '' ' XXX •• • ÏÏ Ï ­­ ­ ½½½ 555 ÐÐÐ §§§ ¦¦ ¦ ^^^ ‘‘ ‘ ooo ¤¤¤ ^^^ $$$ §§§ '' ' �� � NNN ´́́ SSS CCC ÚÚÚ ïï ï EEE §§§ »»» ,, , ©©© EEE ÐÐÐ §§§ &&&

ÿÿÿ �� � ÇÇÇ ppp §§§ UUU þþþ ©©© EEE ÐÐÐ "" " ããã 3.25¥¥¥ ¤¤¤ ««« •• • ððð ccc NNN �� � 111 ‚‚ ‚ üüü ÙÙÙ œœœ¹¹ ¹ "" "

		 	ŒŒŒððð ccc NNN&&& ÿÿÿ ìì ì ˜˜ ˜ ‡‡‡ ŒŒŒ��� (( ( JJJ ••• &&& ÿÿÿ ìì ì �� � ¬¬¬ ��� ———µµµ ¯¯ ¯ KKK §§§ ððð ccc NNNÏÏ Ï LLL ŒŒŒ
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ããã 3.24: ððð ccc NNN&&& ÿÿÿ ììì ��� ¬¬¬ ÏÏÏ LLL ||| eee ��� ½½½ 333 YYY ³³³ ��� ±±± ŒŒŒ"""

ããã 3.25: ððð ccc NNN ��� 111 nnn üüü ÙÙÙ """

�� � PVCÝÝÝ ff f ———µµµ �� � ˜˜ ˜ 333 YYY ³³ ³ ¥¥¥ §§§ zzz ˜˜ ˜ ‡‡‡ �� � ¬¬¬ ÑÑÑ ‡‡‡ kkk >>> CCC ��� ÚÚÚ ÑÑÑ §§§ �� � ¬¬¬ ��� ———µµµ '' ' ��� (((

JJJ "" " •• • kkk �� � yyy zzz ˜˜ ˜ ‡‡‡ �� � ¬¬¬ ———µµµ ÐÐÐ §§§ âââ UUU �� � yyy SSS ÜÜÜ ððð ccc NNN&&& ÿÿÿ ìì ì �� � ��� ~~~ óóó ŠŠŠ """ •• • ddd §§§

ÏÏ Ï LLL ÿÿÿ þþþ ˜˜ ˜ ‡‡‡ PVCÝÝÝ ff f �� � ———µµµ 555 555 uuu �� � òòò 555 ÝÝÝ ff f �� � ———µµµ 555 UUU "" " ããã 3.26¤¤¤ ««« •• • ¢¢¢ �� � ÿÿÿ

þþþ �� � PVCÝÝÝ ff f §§§ PVC �� � ÝÝÝ ff f þþþ LLL ¡¡ ¡ ¦¦ ¦ ^^^kk k ÅÅÅ ÀÀÀ æææ§§§ ÝÝÝ ff f ^^^ �� � ———µµµ §§§ ÝÝÝ fff SSS ÜÜÜ ˜˜ ˜ \\ \ §§§

ÝÝÝ ———ÝÝÝ OOO "" " ¦¦ ¦ ^^^kk k ÅÅÅ ÀÀÀ æææ •• • ¦¦ ¦ ÝÝÝ ff f þþþ LLL ¡¡ ¡ ßßß ²² ² §§§ ŒŒŒ±±± ** * ÿÿÿ ��� ÝÝÝ ff f SSS ��� ———ÝÝÝ OOO �� � CCC

zzz "" " òòò ———µµµ �� � ÝÝÝ ff f ˜̃̃ \\\ ˜˜ ˜ ‡‡‡ 1m�� � �� � YYY ××× ¥¥¥ §§§ •• • ÏÏÏ ˜̃˜ ˜˜ ˜ §§§ •• • ��� ÏÏÏ LLL ppp ¡¡¡ ———ÝÝÝ OOO 555 ��� •••

ÝÝÝ ff f ppp ¡¡ ¡ �� � ———ÝÝÝ ´´ ´ ÄÄÄ kkk þþþ ,, , "" " ùùù �� � ŒŒŒ±±± 555 uuu ��� �� � ÝÝÝ fff ———µµµ 555 �� � ÐÐÐ €€€ """

ããã 3.27¤¤¤ ««« •• • �� � ÝÝÝ ff f ¥¥¥ ———ÝÝÝ OOO �� � ———ÝÝÝ ‘‘ ‘ žžž mmm �� � CCC zzz "" " êêê âââ þþþ www ««« §§§ lll 11�� � 15FFF

�� � 12�� � 20FFF ———ÝÝÝ ll l 40%þþþ ,, , �� � 70%"" " ˜˜ ˜ ‡‡‡ �� � ††† mmm �� � žžž mmm ———ÝÝÝ ××× „„ „ þþþ ,, , §§§ 

 
 ………‘‘ ‘ XXX žžž mmm

———ÝÝÝ UUU YYY þþþ ,, , "" " ddd ddd ŒŒŒ•• • ÝÝÝ ff f �� � ———µµµ 555 ØØØ ÐÐÐ """

ŒŒŒæææ �� � ððð ccc NNN ———µµµ ƒƒƒ '' ' �� � ÝÝÝ ff f JJJ ÝÝÝ •• • ŒŒŒ§§§ �� � ¬¬¬ �� � NNN ÈÈÈ '' ' �� � ŒŒŒ§§§ ———µµµ ¦¦¦ ^^^ �� � ÝÝÝ

ff f ŒŒŒ§§§ ØØØ NNN ´´ ´ ———µµµ §§§ kkk >>> CCC ll l ÝÝÝ ff f SSS ÜÜÜ ÚÚÚ ÑÑÑ §§§ ÚÚÚ ÑÑÑ �� � •• • ØØØ NNN ´́́ ———µµµ §§§ ,,, 		 	 333 YYY ³³³
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.. . ÜÜÜ �� � �� � ¬¬¬ II I ‡‡‡ ˜˜ ˜ 333 9’’ ’ �� � �� � YYY eee §§§ YYY ��� ØØØ rrr ŒŒŒ§§§ ØØØ NNN ´´ ´ ———µµµ """ yyy 333 �� � ��� ÝÝÝ fff ¢¢¢ ���

´´ ´ •• • {{ { üüü �� � §§§ ———µµµ �� � JJJ AAA TTT ´´ ´ ••• ÐÐÐ ��� §§§ 333 1m�� � ��� YYY eee ˜˜ ˜ ˜˜ ˜ ˜̃˜ ‡‡‡ ��� §§§ ———ÝÝÝ ®®® ²²² þþþ ,,,

�� � 70%"" " ÏÏ Ï ddd �� � ¬¬¬ �� � ———µµµ 555 ¤¤¤ •• • ›› › �� � ððð ccc NNN •• • YYY �� � •• • ÌÌÌ ‡‡‡ ��� ¯̄̄ KKK """

		 	ŒŒŒ&&& ÿÿÿ ìì ì �� � �� � OOO §§§ II I ‡‡‡ kkk ppp �� � &&& ÿÿÿ �� � ÇÇÇ §§§ UUU 

 
 ““ “ YYY ““ “ ŒŒŒ§§§ „„ „ ‡‡‡ ééé � ff f ��� »»» ,, , kkk

˜˜ ˜ ½½½�� � &&& ÿÿÿ UUU ååå §§§ ÄÄÄ uuu ddd 		 	ŒŒŒ&&& ÿÿÿ ìì ì •• • ¦¦ ¦ ^^^ 

 
 YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ìì ì §§§ 333 eee ˜̃˜ ��� !! ! òòò XXX

­­ ­ 555 ïï ï ÄÄÄ 		 	ŒŒŒ�� � YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ìì ì "" "

ããã 3.26: ———µµµ PVCÝÝÝ fff ��� ¢¢¢ ��� """
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ããã 3.27: ÝÝÝ fff SSS ———ÝÝÝ ‘‘‘ žžž mmm ��� CCC zzz œœœ ¹¹¹ """

3.3.4 SSS �� � �� � YYY ³³ ³ + 		 	 ÜÜÜ •• • YYY ‡‡‡ •• • YYY

3.3.4.1 &&& ÿÿÿ ììì ��� ��� OOO ©©© ÛÛÛ

		 	ŒŒŒ�� �11 1 �� � �� � �� � &&& ÿÿÿ ìì ì �� � ��� OOO §§§ II I ‡‡‡ ———µµµ“ ““ YYY §§§ ¢¢¢ yyy ååå 555 '' ' ��� (( ( JJJ §§§ ÏÏ Ï ddd 		 	ŒŒŒ

•• • ‰‰‰¤¤¤ 

 
 YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ìì ì "" " ÄÄÄ uuu •• • YYY ‡‡‡ ¢¢¢ �� � [88]§§§ 		 	ŒŒŒ&&& ÿÿÿ ìì ì CCC •• • YYY êêê ÕÕÕ ………ÅÅÅ &&&

ÿÿÿ ìì ì §§§ ¦¦ ¦ ^^^ •• • YYY ‡‡‡ ˜˜ ˜ ‡‡‡ ˜̃̃ ‡‡‡ �� � ©©©åå å 555 /// ¤¤¤ ˜˜ ˜ ‡‡‡ 		 	ŒŒŒ��� &&& ÿÿÿ ìì ì "" " XXX ããã 3.28¤¤¤ ««« �� � &&& ÿÿÿ

ìì ì �� � ««« ¿¿¿ ããã "" " YYY ³³ ³ �� � SSS ÜÜÜ •• • ¥¥¥ %%% &&& ÿÿÿ ììì §§§ &&& ÿÿÿ ììì ��� ±±± ŒŒŒÒÒÒ ´́´ SSS �� � ��� YYY ³³³ §§§ kkk 1.5’’ ’

þþþ §§§ 		 	 �� � •• • 1’’ ’ þþþ �� � YYY ‡‡‡ ŠŠŠ •• •		 	 �� � �� � &&& ÿÿÿ ìì ì §§§ �� � ¡¡ ¡ •• • 1m � 1m�� � YYY ‡‡‡ "" " �� � ‡‡‡ YYY ³³ ³ �� � ºº º

€€€ll l �� � 555 �� � 14’’ ’ � 14’’ ’ � 9’’ ’ §§§ CCC •• • 16’’ ’ � 16’’ ’ � 10’’ ’ "" " ùùù ppp YYY ‡‡‡ �� � �� � OOO ÚÚÚ •• • YYY ‡‡‡ ¢¢¢ �� �

�� � OOO ÄÄÄ �� � ˜˜ ˜�� � §§§ YYY ‡‡‡ �� � ááá �� � •• • PVC§§§ SSS 999 þþþ ¦¦ ¦ ^^^ tyvek �� � 555 ŠŠŠ •• • ‡‡‡ �� � �� � "" " eee ¡¡ ¡ �� � ééé 		 	

ÜÜÜ YYY ‡‡‡ �� � �� � ¬¬¬ 555 ‰‰‰ïï ï ÄÄÄ §§§ 		 	 YYY ³³ ³ þþþ ÝÝÝ 1m§§§ ^̂̂ 16m*1m*1m�� � PVCYYY ÝÝÝ ff f|| | ¤¤¤ §§§ ˜̃̃ ‡‡‡ ÝÝÝ

ff f ·· · ‚‚ ‚ ¡¡ ¡ ƒƒƒ •• • ˜˜ ˜ ‡‡‡ YYY ‡‡‡ �� � ¬¬¬ §§§ .. . ÜÜÜ kkk 16‡‡‡ �� � ¬¬¬ §§§ ÙÙÙ {{ { ooo ‡‡‡ ¡¡ ¡zz z¡¡ ¡ 9‡‡‡ �� � ¬¬¬ §§§ ˜˜ ˜ ‡‡‡ ÝÝÝ fff

üüü ààà zzz ˜˜ ˜ àààÑÑÑ ˜˜ ˜ ˜˜ ˜ PMT 555 &&& ÿÿÿ � ff f uuu ÑÑÑ �� � êêê ÕÕÕ ………ÅÅÅ 111 fff """

ããã 3.29¤¤¤ ««« §§§ XXX JJJÚÚÚ •• • YYY ‡‡‡ ¢¢¢ �� �˜˜ ˜�� � ^^^ Winstone Cone§§§ YYY ‡‡‡ �� � üüü >>> ¬¬¬ kkk kkk ««« §§§ ããã

¥¥¥ 777 ÚÚÚ �� � ««« •• • •• • kkk ««« §§§ XXX JJJ òòò Winstone^^^ �� � YYY ³³ ³ �� � 		 	ŒŒŒ§§§ òòò ¬¬¬ kkk ééé õõõ >>> �� � �� � kkk ««« •• •
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ããã 3.28: &&& ÿÿÿ ììì YYY ³³³ fff ««« ¿¿¿ ããã """ YYY ³³³ fff ¥¥¥ ˜˜˜ ˜˜˜ ‡‡‡ >>> fff ¥¥¥ ‡‡‡ fff &&& ÿÿÿ ììì ��� ¬¬¬ §§§ ‚‚‚ CCC YYY ³³³ fff 999 ??? ´´´ ��� ¡¡¡
••• 1m � 1m��� YYY ‡‡‡ §§§ ^^^ ŠŠŠ êêê ÕÕÕ ………ÅÅÅ OOO êêê ììì §§§ ŠŠŠ ••• ‰‰‰»»» ‚‚‚ � fff ��� ‡‡‡ÎÎÎ ÜÜÜ &&& ÿÿÿ ììì """

333 §§§ � ff f \\ \ �� � �� � 

 
 YYY ³³ ³ §§§ &&& ÿÿÿ ìì ì &&& ÿÿÿØØØ �� � uuu ÑÑÑ �� � êêê ÕÕÕ ………ÅÅÅ 111 ff f "" " ÏÏ Ï ddd 333 		 	ŒŒŒ§§§ ¦¦ ¦ þþþ

     ááá Windstone�� � •• • ÝÝÝ §§§ ±±± ~~~ �� � kkk ««« §§§ XXX ããã 3.29¥¥¥ (b)¤¤¤ ««« §§§ ŒŒŒ±±± òòò PMT 111 ÒÒÒ 444 ��� ¡¡ ¡ ^̂̂

˜˜ ˜ ‡‡‡ 		 	 †††rr r �� � ¡¡ ¡ �� � ÜÜÜ ©©© 		 	 444 (ããã 3.29(b)¥¥¥ ùùù ‚‚ ‚ ¤¤¤ ««« �� � ÜÜÜ ©©© )§§§ 		 	 ††† þþþ bbb þþþ ‡‡‡ �� � �� � §§§ ùùù

�� � ÒÒÒ ŒŒŒ±±± kkk �� � // / ~~~ �� � kkk ««« "" " ããã (b) ¥¥¥ ¤¤¤ ««« �� � ÜÜÜ ©©© ÒÒÒ ´´ ´ üüü ‡‡‡ YYY ‡‡‡ (˜˜ ˜ îî î ˜˜ ˜ ççç )ƒƒƒ �� � �� � «««

¿¿¿ ããã §§§ �� � ØØØ UUU �� � �� � ;; ; •• • kkk ««« "" " XXX ããã ¥¥¥ (c)¤¤¤ ««« òòò üüü ‡‡‡ ƒƒƒ �� � �� � >>> �� � ÜÜÜ ©©© UUU •• • üüü ‡‡‡ 45ÝÝÝ�� �

‘‘ ‘ ‡‡‡ �� � �� � �� �		 	 ††† §§§ PMT �� � kkk ««« •• • YYY ³³ ³ >>> �� � �� � 		 	 ¡¡ ¡ §§§ ùùù �� � ÄÄÄ �� � þþþ ŒŒŒ±±± ;; ; •• • kkk ««« (ddd?? ?

½½½ ÂÂÂ �� � kkk �� � ««« •• • ÒÒÒ ´´ ´ •• • // / YYY ³³ ³ �� � NNN ÈÈÈ 16m� 16m� 10m�� � ‰‰‰ŒŒŒ)§§§ ÏÏ Ï ddd �� � OOO UUU •• • XXX ããã 3.30

// / GGG "" " .. . ÜÜÜ �� � 16‡‡‡ YYY ‡‡‡ •• • ããã 3.30(a)¤¤¤ ««« §§§ •• • ˜˜ ˜ ††† �� � �� � ¬¬¬ §§§ ºº º €€€ 16m� 1m� 1m§§§ 

 
 ±±±

ŒŒŒ4>>> �� � �� � ¬¬¬ �� � // / GGG XXX ããã 3.30(b)(c)¤¤¤ ««« §§§ 333 zzz ˜˜ ˜ ‡‡‡ ��� ¬¬¬ �� � üüü ààà ��� ­­ ­ 45ÝÝÝ §§§ PMT ˜˜ ˜ ˜̃̃ 333

�� � ­­ ­ �� � $$$ �� � ¥¥¥ §§§ ùùù �� �±± ± �� � yyy 333 �� � ‡‡‡ •• • /// YYY ³³ ³ ØØØ •• • 333 kkk ««« """

ããã 3.31•• • �� �[[ [ ¥¥¥ www ««« �� � &&& ÿÿÿ ìì ì �� � �� � NNN ÙÙÙ ÛÛÛ §§§ ããã •• • :: : ÀÀÀ ããã §§§ .. . ÜÜÜ �� � YYY ‡‡‡ •• • 16’’ ’ •• • §§§

.. . ÜÜÜ •• • ††† �� � YYY ‡‡‡ §§§ 

 
 ooo ±±± �� � YYY ‡‡‡ II I ‡‡‡ 333 YYY ³³ ³ ��� ooo ‡‡‡ ��� ??? õõõ ÑÑÑ ˜˜ ˜ ‡‡‡ $$$ ��� """

333 ããã 3.10¥¥¥ �� � •• • �� � � ff f \\ \ �� � :: : ååå ll l PMT10.5’’ ’ žžž §§§ PMT ÂÂÂ ����� � 111 >>> fff êêê �� � •• • 7‡‡‡ §§§

YYY ³³ ³ �� � OOO ¥¥¥ YYY ‡‡‡ •• • ÝÝÝ •• • 16’’ ’ ††† mmm §§§ XXX JJJ � ff f 333 ,, , ˜˜ ˜ ààà \\\ �� � §§§ ééé ¡¡¡ �� � PMT ÂÂÂ �� ��� � 111

>>> ff f êêê ŒŒŒ�� � •• • 7:0 � e� 16:0� 10:5
5:7 � 2.7‡‡‡ 111 >>> ff f (ddd žžž tyvek‡‡‡ �� � ÇÇÇ � 90%,YYY �� � ááá ÂÂÂ •• • ÝÝÝ

333 30’’ ’ §§§ ¢¢¢ �� � ^^^ ‡‡‡ '' ' �� � ÐÐÐ )§§§ 111 >>> ff f ‡‡‡ êêê '' ' �� � �� � §§§ ééé uuu YYY ‡‡‡ �� � ¬¬¬ ˜˜ ˜ ààà •• • kkk ˜˜ ˜ ‡‡‡ PMT ´´ ´

ØØØ 

 
 �� � §§§ II I ‡‡‡ •• • ÄÄÄ,, , 		 	 ˜˜ ˜ ‡‡‡ ÏÏ Ï ƒƒƒ §§§ XXX JJJ kkk ˜˜ ˜ ‡‡‡ PMT €€€ KKK §§§ ùùù ‡‡‡ ��� ¬¬¬ ��� &&& ÿÿÿ UUU ååå ÚÚÚ    

˜˜ ˜ �� � ­­ ­ ïï ï UUU ååå •• • òòò ŒŒŒŒŒŒ�� � ~~~ ff f "" " XXX JJJ zzz ˜̃̃ ‡‡‡ YYY ‡‡‡ �� � ¬¬¬ zzz ˜˜ ˜ ààà ¦¦¦ ^^^ ooo ‡‡‡ PMT §§§ ùùù �� � ŒŒŒ

�� � yyy 333 � ff f \\ \ �� � ååå ll l PMT •• • �� � �� � žžž ÿÿÿ ˜˜ ˜ ààà�� � PMTsUUU 

 
 ÂÂÂ 888 �� � vvv 

 
 �� � 111 >>> ff f §§§ 

 
 ………XXX

JJJ ÙÙÙ ¥¥¥ kkk PMT €€€ KKK §§§ �� � ¬¬¬ �� � &&& ÿÿÿ 555 UUU ÄÄÄ �� �ØØ Ø ÉÉÉ KKK •• • "" " ˜˜ ˜ ‡‡‡ �� � ¬¬¬ ¦¦ ¦ ^̂̂ 8‡‡‡ PMT §§§ ooo ���

¦¦ ¦ ^^^ PMT �� � ‡‡‡ êêê •• • 416‡‡‡ "" "
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ããã 3.29: ØØØ ÓÓÓ ��� OOO kkk ««« ��� ©©© ÙÙÙ ããã """

ããã 3.30: ��� ¬¬¬ /// GGG ««« ¿¿¿ ããã """

ããã 3.32¤¤¤ ««« •• •		 	ŒŒŒYYY ‡‡‡ ééé uuu‰‰‰»»» ‚‚ ‚ � ff f ��� ••• AAA §§§ UUU 


 ��� ÂÂÂ �� ��� � 111 >>> fff ©©© ÙÙÙ ããã §§§ ŒŒŒ

ÜÜÜ ©©© �� � ¯¯ ¯ ~~~ �� � �� � )) ) �� � 111 >>> ff f ÑÑÑ �� � uuu 100§§§ 

 
 333 SSS YYY ³³ ³ �� � ���[[ [ ¥¥¥ (ããã 3.21)̄¯ ¯ ~~~ 111 >>> ff f êêê
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ããã 3.31: 			ŒŒŒ ••• YYY ‡‡‡ ««« ¿¿¿ ããã

ŒŒŒÜÜÜ ©©© ŒŒŒuuu 100§§§ ÏÏ Ï ddd 		 	 ÜÜÜ YYY ‡‡‡ �� � 111 >>> fff êêê      �� � �� � """ ããã 3.33¤¤¤ ««« •• • XXX »»» ��� PMT ‡‡‡ êêê ©©©

ÙÙÙ §§§ ŒŒŒÜÜÜ ©©© ¯¯ ¯ ~~~ ÑÑÑ ©©© ÙÙÙ 333 4�� � 30ƒƒƒ mmm §§§ ²²² þþþ ŠŠŠ •• • 15"" " 			 ÜÜÜ �� � YYY ‡‡‡ ••• ƒƒƒ ppp ………mmm �� � (( ( ��� §§§

XXX JJJ � ff f vvv kkk BBB LLL �� � YYY ‡‡‡ §§§ YYY ‡‡‡ ´´ ´ &&& ÿÿÿØØØ �� � êêê ÕÕÕ ………ÅÅÅ 111 §§§ ddd ddd ŒŒŒ•• • ŒŒŒÜÜÜ ©©© � ff f •• • BBB

LLL 2�� � 3‡‡‡ YYY ‡‡‡ §§§ ŒŒŒÜÜÜ YYY ‡‡‡ ¥¥¥ ��� PMT ´´ ´ vvv kkk XXX »»» �� � """ ããã 3.34•• • zzz ˜˜ ˜ ‡‡‡ PMT ÂÂÂ �� ��� � 111 >>>

ff f êêê �� � ©©© ÙÙÙ ããã §§§ ²² ² þþþ ŠŠŠ •• • 0.96‡‡‡ "" "

h1
Entries  1000
Mean    406.7
RMS     659.9

Output p.e. number
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Entries  1000
Mean    406.7
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ããã 3.32: 			ŒŒŒ ��� YYY ‡‡‡ ��� ¬¬¬ ��� ÂÂÂ ������ ooo 111 >>>
fff êêê ©©© ÙÙÙ ããã """

h1
Entries  1000
Mean    15.03
RMS      10.3

Fired PMT number
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h1

Entries  1000
Mean    15.03
RMS      10.3

ããã 3.33: 			 ÜÜÜ YYY ‡‡‡ ooo ��� PMT XXX »»» ��� ‡‡‡ êêê ©©©
ÙÙÙ ããã """

ããã 3.35www ««« ÒÒÒ ´´ ´ �� � ˜˜ ˜ ‡‡‡ � ff f ll l YYY ‡‡‡ ¥¥¥ mmm BBB LLL žžž §§§ uuu ÑÑÑ 111 ff f ‡‡‡ �� � �� � œœœ// / "" " ùùù ÚÚÚ (ooo

‚‚ ‚ )�� � •• • � ff f �� � »»» ,, , §§§ ÉÉÉ ÚÚÚ ([[ [‚ ‚‚ )••• YYY êêê ÕÕÕ ………ÅÅÅ 111 ff fr rr ��� »»» ,,, """ �� � 111 fff DDD ÂÂÂ ��� YYY ‡‡‡ üüü

ààà žžž §§§ 111 ff f êêê �� � 555 �� � �� � 

 
 §§§ ddduuu 111 fff ²² ² LLL tyvek �� �õõ õ ggg �� � ‡‡‡ ��� ÚÚÚ YYY �� � ááá ÂÂÂ PPP ~~~ §§§ ¦¦ ¦ ���

•• • �� � ˆˆ ˆ �� � üüü ààà PMT �� � 111 ff f êêê CCC �� � """ ·· · ‚‚‚ òòò ††† ààà½½½ ÂÂÂ •• • Aààà §§§ mmm ààà½½ ½ ÂÂÂ Bààà "" " ããã 3.36†††

ããã 3.37¤¤¤ ««« •• • � ff f 333 X•• • •• • þþþ �� � 7’’ ’ ??? \\ \ �� � §§§ üüü ààà ÂÂÂ �� ��� � 111 >>> ff f ÚÚÚ ÂÂÂ ¥¥¥ žžž mmm �� � �� � OOO §§§
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h1
Entries  416000
Mean   0.9626
RMS     12.45

p.e number per PMT for all muons
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h1
Entries  416000
Mean   0.9626
RMS     12.45

ããã 3.34: zzz ˜˜˜ ‡‡‡ PMT ÂÂÂ ������ 111 >>> fff êêê (ééé ¤¤¤ kkk ��� � fff ¯¯¯ ~~~ )

333 Aààà ÂÂÂ �� ��� � 111 >>> ff f �� � ²² ² þþþ ŠŠŠ•• • kkk 0.88‡‡‡ §§§ ØØØ �� � ˜̃˜ ‡‡‡ 111 >>> fff §§§ 


 ÂÂÂ ¥¥¥ žžž mmm 333 89BBB ¦¦ ¦ †††

mmm ¶¶¶ ƒƒƒ '' ' ƒƒƒ eee §§§ Bààà �� � ÂÂÂ �� ��� � 111 >>> ff f êêê •• • 491‡‡‡ §§§ ÂÂÂ ¥¥¥ žžž mmm •• • 4BBB ¦¦ ¦ ††† mmm "" " ÌÌ Ì ‡‡‡ÏÏ Ï •• •

\\ \ �� � :: : ååå ll l B:: : 1’’ ’ §§§ 

 
 ååå ll l Aààà kkk 15’’ ’ §§§ II I ‡‡‡ ²² ² LLL õõõ ggg �� � ‡‡‡ �� � ,, , �� � âââ UUU �� � ˆˆ ˆ Aààà §§§ ÏÏ Ï

ddd ÂÂÂ ¥¥¥ žžž mmm ƒƒƒ ééé uuu Bààà ¢¢¢ �� � §§§ 

 
 111 ff f ‘‘ ‘ XXX ˜˜ ˜ ggg ˜˜ ˜ ggg �� � ‡‡‡ �� � §§§ 222 \\ \ þþþ YYY �� � PPP ~~~ §§§ ¦¦ ¦ �� �

•• • �� � UUU ÂÂÂ ¥¥¥ Aààà PMTs �� � 111 ff f êêê CCC ��� ééé �� � """ ddd ddd ŒŒŒ••• YYY ‡‡‡ ééé � ff f \\ \ ���      ˜˜ ˜ ééé ((( ¯¯ ¯ §§§ \\\

�� �      ˜˜ ˜ ØØØ ÓÓÓ §§§ üüü ààà�� � 111 >>> ff f êêê ÚÚÚ ÂÂÂ ¥¥¥ žžž mmm �� � ÉÉÉ '' ' �� � ²²² www """

ããã 3.35: ˜˜˜ ‡‡‡ RRR ††† ��� � fff lll þþþ •••eee \\\ ��� ��� žžž ÿÿÿ §§§ ... ÜÜÜ ��� YYY ‡‡‡ ��� 111 fff ��� ‡‡‡ ��� œœœ ¹¹¹ """

ããã 3.38¤¤¤ ««« §§§ •• • � ff f 333 ØØØ ÓÓÓ �� �      ˜˜ ˜ \\\ ���ž žž Aààà PMTs �� � •• • AAA §§§ ddd ããã ¥¥¥ ¤¤¤ ««« �� � êêê ŠŠŠ ÑÑÑ

´´ ´ ²² ² þþþ ŠŠŠ §§§ 111 >>> ff f êêê †††      ˜˜ ˜ ddd '' ' �� � rr r �� � •• • 666 '' ' XXX §§§      ˜˜ ˜ ll l -7’’ ’ �� � +7 ’’ ’ §§§ 111 >>> ff f êêê

ll l 491üüü �� � 

 
 0.9‡‡‡ §§§ 

 
 ÂÂÂ ¥¥¥ žžž mmm †††      ˜˜ ˜ �� � ©©© ÙÙÙ ¥¥¥ yyy 

 
 ‚‚ ‚ // / �� � '' ' XXX "" " ŒŒŒ±±± ^^^ žžž mmm ÚÚÚ111

>>> ff f êêê 555 ­­ ­ ïï ï � ff f \\ \ �� � �� �      ˜˜ ˜ §§§ YYY ‡‡‡ ééé � ff f ��� »»» ,, , kkk ˜˜ ˜ ½½½��� ­­ ­ ïïï UUU ååå """
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h1

Entries  1000

Mean    0.877

RMS    0.9828

PMTs output p.e. number at A
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Entries  1000
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h2

Entries  1000

Mean      491
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PMTs output p.e. number at at B
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ããã 3.36: � fff 333 YYY ‡‡‡ ��� mmm >>> RRR ††† (x=7 m) \\\ ���
žžž §§§ üüü ààà��� PMTs��� ÂÂÂ ��� ooo 111 >>> fff êêê
©©© ÙÙÙ """

h1

Entries  568

Mean    89.24

RMS     18.64

PMTs hit time at A (ns)
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Entries  1000
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PMTs hit time at B (ns)
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Entries  1000

Mean    3.867

RMS     0.467

ããã 3.37: � fff 333 YYY ‡‡‡ ��� mmm >>> RRR ††† (x=7 m) \\\ ���
žžž §§§ üüü ààà ��� 111 fff ÂÂÂ ¥¥¥ PMT ��� žžž mmm ©©©
ÙÙÙ """
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ããã 3.38: � fff 333 YYY ‡‡‡ RRR ††† \\\ ���     ˜˜˜ (x••• •••
þþþ )††† Aààà PMTsÑÑÑ ÑÑÑ ��� 111 >>> fff ���
''' XXX (111 >>> fff êêê ÑÑÑ ´´´ XXX ããã 3.36��� ²²²
þþþ ŠŠŠ )"""
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90  / ndf 2c  47.35 / 13
p0        0.2582± 45.67 
p1        0.05976± 6.398 

 / ndf 2c  47.35 / 13
p0        0.2582± 45.67 
p1        0.05976± 6.398 

ããã 3.39: � fff 333 YYY ‡‡‡ RRR ††† \\\ ���     ˜˜˜ (x••• •••
þþþ )††† 111 fff ÂÂÂ ¥¥¥ Aààà PMT žžž mmm ���
''' XXX (žžž mmm ÑÑÑ ´´´ XXX ããã 3.36��� ²²² þþþ
ŠŠŠ )"""
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3.3.4.2 &&& ÿÿÿ ììì ��� ``` """ :::

		 	ŒŒŒYYY ‡‡‡ ŠŠŠ •• • YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ìì ì §§§ YYY �� � \\ \ þþþ 

 
 1’’ ’ §§§ ¦¦ ¦ ééé ñññ œœœ�� � ˜˜ ˜ �� � 555 �� � ¶¶¶ -- -CC C

�� � •• • ÐÐÐ §§§ �� � ¬¬¬ zzz kkk || | uuu òòò 555 &&& ÿÿÿ ìì ì �� � SSS CCC "" " � ff f BBB LLL YYY ³³³ žžž §§§ ˜̃˜ „„„ •• • kkk 2�� � 3‡‡‡ YYY ‡‡‡

XXX »»» §§§ ùùù �� � ŒŒŒ±±± {{ { üüü �� � ½½½ � ff f �� � »»» ,, , •• • ••• "" "

ddduu u YYY ‡‡‡ ¤¤¤ ^^^ ááá �� � •• • PVC††† §§§ ÅÅÅ �� � rr r ÝÝÝ ´´ ´ ˜˜ ˜ ‡‡‡ ¯¯ ¯ KKK """ ˜˜ ˜ ‡‡‡ YYY ‡‡‡ ‡‡‡ CCC 16ëëë YYY §§§ ªªª

ÝÝÝ �� � ŒŒŒ§§§ •• • ^^^ PVC††† ««« ÉÉÉ ØØØ 

 
 16ëëë ­­ ­ �� � YYY §§§ XXX JJJ 333 YYY ‡‡‡ þþþ \\ \ ÅÅÅ �� � || |     (( ( �� � §§§ òòò ¬¬¬ ¦¦¦

�� � OOO CCC �� � LLL uuu EEE ,, , "" " ———µµµ �� � YYY ‡‡‡ ˜˜ ˜ ‡‡‡‡‡ ‡ UUU ˜˜ ˜ ååå 555 §§§ ÅÅÅ �� � rr r ÝÝÝ ˆˆ ˆ ØØØ ��� §§§ òòò ��� OOO UUU •• • zzz

˜˜ ˜ ‡‡‡ YYY ‡‡‡ ƒƒƒ mmm ŒŒŒ±±± mmm ˜˜ ˜ 
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‘‘ ‘ 555 ˜˜ ˜ ‡‡‡ ¯¯ ¯ KKK §§§ XXX JJJ � ff f BBB LLL ˜˜ ˜ ‡‡‡ YYY ‡‡‡ §§§ 111 ff f ¬¬¬ ÏÏ Ï LLL ššš DDD ÂÂÂ �� � ÙÙÙ {{ { �� � YYY ‡‡‡ §§§ �� � ———GGG
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uuu ããã 3.31ÚÚÚ ããã 3.40�� � 		 	 YYY ³³ ³ &&& ÿÿÿ ìì ì �� � 555 UUU ??? 111 '' ' �� � §§§ ééé uuu 			Œ ŒŒYYY ‡‡‡ (( ( ��� (ããã 3.31)�� � �� �

OOO •• • YYY ¥¥¥ §§§ 		 	 YYY ³³ ³ ¦¦ ¦ ^^^ PMT �� � ‡‡‡ êêê •• • 416‡‡‡ §§§ ééé uuu 			 ÜÜÜ •• • ´́́ þþþ !!! {{ { ˜˜ ˜ (ããã 3.40)�� � •• • YYY
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þþþ vvv kkk PMT �� � ééé � §§§ ¤¤¤ ÿÿÿ þþþ �� ��� � 111 ��� ••• ‡‡‡ �� � 111 §§§ ùùù ��� ^̂̂ ¥¥¥ %%%{{ { ­­ ­ ïïï ��� ((( JJJ ÒÒÒ      lll 




\\ \ �� � :: :�� �      ˜˜ ˜ "" " 333 \\ \ �� � :: :�� � ­­ ­ ïï ï þþþ ,þþþ !! ! {{{ ˜˜ ˜ '' ' ••• YYY ‡‡‡ ••• YYY ‡‡‡ �� � ééé õõõ "" "

htemp
Entries  328
Mean    1.286
RMS     2.127
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htemp
Entries  328
Mean    1.286
RMS     2.127

ããã 3.49: 			 YYY ³³³ ••• ••• YYY ‡‡‡ žžž ,ééé \\\ ��� :::��� ­­­ ïïï (((
JJJ """

htemp
Entries  368
Mean    5.453
RMS     4.394

reconstruction_Error
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htemp
Entries  368
Mean    5.453
RMS     4.394

ããã 3.50: 			 YYY ³³³ PMT þþþ !!! ©©© ÙÙÙ žžž ,ééé \\\ ��� :::��� ­­­
ïïï ((( JJJ """

ÏÏ Ï ddd §§§ ·· · ‚‚ ‚ II I ‡‡‡ ééé þþþ !! ! {{ { ˜˜ ˜ �� � •• • YYY 222 ggg `` ` zzz §§§ òòò \\\ ��� :: :�� � ­­­ ïï ï °° ° ÝÝÝ ••• JJJ ppp þþþ

�� � §§§ ùùù ÒÒÒ II I ‡‡‡ � ff f \\ \ �� �      ˜˜ ˜ þþþ kkk �� � ééé XXX � ff f �� � PMT •• • 333 §§§ XXX ããã 3.51¤¤¤ ««« "" " ùùù �� � ŒŒŒ±±± ¦¦ ¦

\\ \ �� � :: : ÚÚÚ ÑÑÑ �� � :: :      ˜˜ ˜ �� � ­­ ­ ïï ï UUU ååå ˜˜ ˜�� � §§§ ŒŒŒ±±± ¦¦¦ ­­ ­ ïï ï ØØØ �� � ²² ² þþþ ŠŠŠ < 1’’ ’ """ ããã 3.52¤¤¤ ««« •• •

`` ` zzz�� � �� � •• • YYY �� � :: : ÀÀÀ ããã (•• • •• • )) ) 

 
 SSS YYY ³³ ³ ��� PMT) "" "

ããã 3.51: ééé þþþ !!! ©©© ÙÙÙ ��� PMT ??? 111 ``` zzz��� ��� ••• YYY ããã 3.52: ``` zzz��� &&& ÿÿÿ ììì ��� ::: ÀÀÀ ããã (ããã
¥¥¥ ��� ��� ��� ::: ••• PMT)
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3.3.6 ll l �� � // / YYY ³³ ³

3.3.6.1 lll ��� ... YYY ³³³ ��� ••• YYY

ÏÏ Ï LLL þþþ ¡¡ ¡ �� � ??? ØØØ §§§ (( ( ½½½ XXX ããã 3.52�� � &&& ÿÿÿ ìì ì �� � OOO •• • YYY "" " ¢¢¢ �� � ¥¥¥ VVV �� � YYY ³³ ³ §§§ ‡‡‡ ¦¦ ¦ ¥¥¥

‡‡‡ ff f &&& ÿÿÿ ìì ì ±±± ŒŒŒ––– �� � kkk 2.5’’ ’ þþþ ��� YYY 555 ¶¶¶ -- - ñññ œœœ�� � ˜̃̃ �� � 555 ��� .. . §§§ ééé uuu &&& ÿÿÿ ìì ì ��� OOO qqq JJJ

ÑÑÑ 

 
 ˜˜ ˜ ‡‡‡ ### �� � •• • YYY §§§ òòò YYY ³³ ³ CCC ••• ll l ��� ... §§§ 333 ��� yyy¥¥¥ ‡‡‡ ff f &&& ÿÿÿ ìì ì ±±± ŒŒŒ��� 2.5’’ ’ YYY þþþ ÝÝÝ���

œœœ¹¹ ¹ eee §§§ ~~~ �� � ˜˜ ˜ ÜÜÜ ©©© �� � èèè ïï ï ¤¤¤ ^^^ §§§ ~~~ �� � YYY ³³ ³ NNN ÈÈÈ §§§ ~~~ �� �–– – óóó þþþ §§§ ~~~ �� � ^^^uuu ‡‡‡ÎÎ Î ÜÜÜ XXX

ÚÚÚ �� � 111 >>> �� � OOO +++ §§§ !! ! �� � ]] ] 777 ¶¶¶ •• • •• • ­­ ­ ‡‡‡ �� � ´´ ´ ll l �� � .. . �� � (( ( �� � §§§ vvv kkk 

 
 ••• /// YYY ³³ ³ �� � ooo

‡‡‡ �� � §§§ ¦¦ ¦ �� � òòò 555 YYY 333 YYY ³³³ ¥¥¥ ÌÌ Ì ‚‚ ‚ CCC ��� ššš ~~~ kkk || | §§§ ±±± BBB uuu XXX ÀÀÀ YYY �� � JJJ XXX §§§ XXX ããã 3.53¤¤¤

««« "" "

ããã 3.53: lll ��� YYY ³³³ ��� ¢¢¢ ��� ��� OOO ••• YYY

3.3.6.2 lll ��� ††† ooo ��� /// YYY ³³³ ��� ÇÇÇ ���ééé '''

YYY ³³ ³ CCC •• • ll l �� � .. . ƒƒƒ �� � §§§ ·· · ‚‚‚ ¦¦ ¦ ^̂̂ 

 
 üüü ««« PMT ��� �� � ˜̃̃ §§§ ˜̃̃ ««« ¦¦ ¦ ^̂^ PMT �� � ooo �� � ‡‡‡

êêê •• • 341‡‡‡ PMT §§§ ,, , ˜˜ ˜ ««« ¦¦ ¦ ^^^ PMT �� � ‡‡‡ êêê •• • 381‡‡‡ PMT §§§ 

 
 ooo ••• // / YYY ³³³ �� � PMT ‡‡‡ êêê •••

•• • 381‡‡‡ "" " eee ããã 3.54ÚÚÚ 3.54ÒÒÒ nnn ««« œœœ¹¹ ¹ �� � &&& ÿÿÿ �� � ÇÇÇ ††† PMT XXX »»» ‡‡‡ êêê KKK ƒƒƒ mmm ��� '' ' XXX µµµ www

�� � XXX ããã ¤¤¤ ««« §§§ nnn ««« œœœ¹¹ ¹ �� � �� � ÇÇÇ ééé '' ' §§§ ÙÙÙ ¥¥¥ nnn �� � // / :: : LLL ««« •• •	 		 ÜÜÜ YYY ³³ ³ ��� ÇÇÇ §§§ �� � :: : LLL

««« SSS YYY ³³ ³ �� � �� � ÇÇÇ "" " ççç ÚÚÚ ���:: : LLL ««« ooo ••• /// �� � YYY ³³³ �� � ��� ÇÇÇ §§§ ùùù ÚÚÚ ••• lll �� � /// (PMT ‡‡‡ êêê

•• • 341)YYY ³³ ³ �� � �� � ÇÇÇ §§§ 777 ÚÚÚ �� �:: : •• • lll ��� // / YYY ³³³ (�� � ˜˜ ˜ •• • 381‡‡‡ PMT žžž )�� � �� � ÇÇÇ """ ééé uuu SSS YYY

³³ ³ �� � ÇÇÇ 555 ùùù §§§ ll l �� � YYY ³³ ³ 341PMT�� � (( ( JJJ ††† ooo •• • // / YYY ³³ ³ �� � 381�� � ÇÇÇ ÄÄÄ �� � þþþ ˜˜ ˜�� � §§§ 

 
 		 	 YYY

³³ ³ �� � �� � ÇÇÇ '' ' ooo •• • // / YYY ³³ ³ ppp §§§ ééé uuu 381‡‡‡ PMT �� � �� � ˜˜ ˜ žžž §§§ SSS 		 	 YYY ³³ ³ �� � ÇÇÇ '' ' ÙÙÙ §§§ üüü ««« œœœ

¹¹ ¹ ÑÑÑ ppp "" "

ll l �� � YYY ³³ ³ &&& ÿÿÿ �� � ÇÇÇ '' ' ooo •• • /// �� � YYY ³³ ³ ��� ppp §§§ ÌÌÌ ‡‡‡ ��� �� � ÏÏÏ XXX ããã 3.56 ¤¤¤ ««« §§§ ††† ããã •• •
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ããã 3.54: &&& ÿÿÿ ��� ÇÇÇ ††† ��� ˜˜˜ XXX »»» ��� PMT KKK ƒƒƒ mmm ���
''' XXX """

ããã 3.55: ééé ††† ããã 3.54ùùù µµµ ��� 444 ÜÜÜ ©©©˜˜˜ ŒŒŒ��� ��� œœœ
¹¹¹ """

ããã 3.56: lll ��� YYY ³³³ ††† ooo ••• YYY ³³³ §§§ � fff 333 YYY ³³³ ¥¥¥
»»» ,,, ••• ÝÝÝ���ééé ''' ããã """ ããã 3.57: � fff 333 YYY ³³³ ¥¥¥ »»» ,,, ••• ÝÝÝ��� ©©© ÙÙÙ ,••• ††† ããã

777 µµµ ÜÜÜ ©©© ��� ˜˜˜ ŒŒŒããã """
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ooo •• • // / �� � YYY ³³ ³ ÚÚÚ ll l �� � // / YYY ³³ ³ ¥¥¥ � ff f »»» ,, , •• • ÝÝÝ�� �éé é '' ' œœœ¹¹ ¹ §§§ mmm ããã 3.57•• • ††† ããã 3.56xxx µµµ

ÜÜÜ ©©© �� � ˜˜ ˜ ŒŒŒããã §§§ ééé uuu ll l ��� YYY ³³ ³ vvv kkk 


 ooo ‡‡‡ ��� ��� §§§ ááá »»» ,,, �� � � ff f ††† ooo •• • // / �� � YYY ³³ ³ '''

CCC �� � 

 
 §§§ ddd ddd &&& ÿÿÿ �� � ÇÇÇ CCC ppp """ mmm ããã ¥¥¥ ŒŒŒ••• §§§ vvv kkk �� � &&& ÿÿÿ �� �� �� � ff f ÌÌ Ì ‡‡‡ ÒÒÒ ´́́ ááá »»» ,,,

�� � (< 1.0’’ ’ )� ff f §§§ YYY ¥¥¥ ØØØ UUU �� � )) ) vvv 

 
 �� � êêê ÕÕÕ ………ÅÅÅ 111 ff f "" "

SSS YYY ³³³ &&& ÿÿÿ ��� ÇÇÇ 			 YYY ³³³ &&& ÿÿÿ ��� ÇÇÇ SSS 			 ééé ÜÜÜ &&& ÿÿÿ ��� ÇÇÇ ooo ��� ��� ÇÇÇ

••• /// ��� YYY ³³³ (381‡‡‡ PMT) 96.1% 95.3% 97.1% 98.5%

lll ��� /// YYY ³³³ (341‡‡‡ PMT) 96.3% 97.0% 97.7% 98.9%

lll ��� /// YYY ³³³ (381‡‡‡ PMT) 96.5% 96.9% 97.9% 99.0%

LLL 3.5: nnn ««« ��� ˜˜˜ eee ��� &&& ÿÿÿ ��� ÇÇÇ ���ééé ''' œœœ ¹¹¹

LLL 3.5¤¤¤ ««« §§§ 333 ééé nnn ««« ØØØ ÓÓÓ �� � ˜˜ ˜ �� � �� � ÇÇÇ ééé '' ' œœœ¹¹ ¹ (bbb ��� PMT 999 DDD (( ( 50kHz§§§ >>> ff f ÆÆÆ

€€€ °° ° 200ns)§§§ ll l �� � // / YYY ³³ ³ 381‡‡‡ PMT žžž §§§ �� � ÇÇÇ •• • ppp ,ùùù ‡‡‡ •• • ŒŒŒæææ �� � ¢¢¢ �� � •• • ªª ª ¦¦ ¦ ^^^ �� � �� �

˜˜ ˜ "" "

PMT 999 DDD ((( žžž mmm III p.e loss ICut Ie�. OCut Oe�. I or O e�. Total e�

50kHz 200 ns 0.1% 12 96.5% 13 96.9% 97.9% 99.0%

50kHz 150 ns 0.6% 11 96.8% 12 97.6% 98.2% 99.1%

50kHz 100 ns 3.2% 9 97.6% 10 98.1% 98.5% 98.2%

15kHz 200 ns 0.1% 7 98.2% 8 98.8% 98.9% 99.5%

15kHz 150 ns 0.6% 7 98.2% 7 99.0% 99.1% 99.6%

15kHz 100 ns 3.2% 6 98.5% 7 99.0% 99.1% 99.6%

LLL 3.6: ��� ::: YYY ³³³ (381PMT) §§§ PMT bbb ��� ��� 999 DDD ((( ÚÚÚ >>> fff ÆÆÆ��� €€€ °°° ††† &&& ÿÿÿ ��� ÇÇÇ ƒƒƒ mmm ��� ''' XXX

LLL 3.6¤¤¤ ««« •• • ll l �� � YYY ³³ ³ ^^^ 381PMT�� � ˜˜ ˜ ��� žžž ÿÿÿ §§§ ''' uuu ééé uuu PMT ��� DDD ((( ÚÚÚ ¤¤¤ mmm žžž mmm

II I ††† &&& ÿÿÿ �� � ÇÇÇ ƒƒƒ mmm ��� ''' XXX (LLL ¥¥¥ ‰‰‰ÑÑÑ ¤¤¤ kkk ��� ÇÇÇ �� � ÚÚÚ OOO ØØØ ��� < � 0:2%)"" " ÙÙÙ ¥¥¥ p.e. lossLLL

««« ¤¤¤ mmm žžž mmm II I ±±± �� � §§§ ÙÙÙ ¥¥¥ kkk ˜˜ ˜ ÜÜÜ ©©© 111 ff f 333 žžž mmm II I ƒƒƒ 		 	 §§§ ¬¬¬ ÂÂÂ 888 ØØØ �� � §§§ ùùù ÜÜÜ ¿¿¿ ”” ” ���

111 ff f ÓÓÓ ooo �� � 111 ff f �� � '' ' ~~~ §§§ ICut ´´ ´ LLL ««« SSS YYY ³³ ³ ¤¤¤ ‰‰‰ÑÑÑ XXX »»» �� � PMT �� � KKK ŠŠŠ §§§ Ie�. LLL ««« SSS

YYY ³³ ³ ééé ††† � ff f �� � &&& ÿÿÿ �� � ÇÇÇ §§§ Oe�. LLL ««« 		 	 YYY ³³ ³ ééé � ff f �� � &&& ÿÿÿ �� � ÇÇÇ §§§ I or O e�. LLL ««« SSS 		 	

ééé ÜÜÜ ååå 555 �� � &&& ÿÿÿ �� � ÇÇÇ §§§ •• • YYY ³³ ³ ooo ��� &&& ÿÿÿ �� � ÇÇÇ §§§ Total e�. LLL ««« �� � �� � ‡‡‡ ‡‡‡ÎÎ Î ÜÜÜ XXX ÚÚÚ ���

�� � ÇÇÇ §§§ •• • )) ) 

 
 RPC�� � &&& ÿÿÿ �� � ÇÇÇ (ùùù ppp bbb �� � RPC�� � &&& ÿÿÿ ��� ÇÇÇ •• • 90%)"" " �� �>> > ff f ÆÆÆ€€€ °° °mmm ���

�� �ÄÄ Ä §§§ ll l 200nsCCC •• • 100nsžžž §§§ YYY ³³ ³ ooo �� � &&& ÿÿÿ �� � ÇÇÇ ll l 97.9%OOO \\ \ �� � 


 98.5%(bbb ½½½ PMT �� �

999 DDD (( ( •• • 50kHzžžž )§§§ bbb ½½½ PMT �� � 999 DDD (( ( •• • 15kHzžžž §§§ YYY ³³ ³ �� � ooo �� � �� � ÇÇÇ ll l 98.9%OOO \\ \

�� � 

 
 99.1%"" " �� � žžž ÓÓÓ žžž ·· · ‚‚ ‚ •• • www �� � 

 
 XXX JJJ €€€ °° ° CCC ÄÄÄ žžž ¬¬¬ kkk ˜̃˜ ÜÜÜ 111 fff òòò ¬¬¬ ¿¿¿ ”” ” §§§ www
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�� � 200nsžžž §§§ ¿¿¿ ”” ” === •• • 0.1%§§§ ÄÄÄ �� � þþþ ¤¤¤ kkk �� � 111 fff ÑÑÑ ��� ÂÂÂ 888 ��� 

 
 §§§ ��� €€€ °°° •• • 100nsžžž §§§

¿¿¿ ”” ” �� � '' ' ~~~ ÒÒÒ CCC •• • 3.2%§§§ ¢¢¢ �� � ¥¥¥ ·· · ‚‚‚ AAA TTT ¦¦ ¦ ŒŒŒUUU õõõ�� � ÂÂÂ 888 �� � ‰‰‰»»» ‚‚‚ � ff f �� � &&& ÒÒÒ §§§

¦¦ ¦ ŒŒŒUUU ØØØ ¿¿¿ ”” ” &&& EEE "" " 333 ooo &&& ÿÿÿ �� � ÇÇÇ þþþ §§§ 200ns€€€ °° ° žžž &&& ÿÿÿ ��� ÇÇÇ ††† 100ns€€€ °° ° žžž �� � OOO ===

•• • 0.2%§§§ �� � OOO ééé �� � §§§ ¤¤¤ ±±± •• • ªª ª ÀÀÀ JJJ 200ns�� � €€€ °° ° §§§ ±±± �� � yyy ÄÄÄ �� � þþþ UUU 

 
 ÂÂÂ 888 �� � ¤¤¤ kkk �� � &&&

ÒÒÒ "" "

3.3.6.3 ééé � fff kkk ��� &&& ÿÿÿ ��� ÇÇÇ ��� ïïï ÄÄÄ

ééé uuu ŒŒŒæææ�� � �� � ‡‡‡ÎÎ Î ÜÜÜ &&& ÿÿÿ ìì ì §§§ ·· · ‚‚ ‚ ‡‡‡ ¦¦ ¦ &&& ÿÿÿ ììì ééé uuu‰‰‰»»» ‚‚ ‚ � ff f �� � ))) ¥¥¥ ff f ��� .. .�� � üüü

ÑÑÑ �� � ÇÇÇ ‡‡‡ ¦¦ ¦ > 99.5%"" " ccc ¡¡ ¡ ·· · ¤¤¤ ??? ØØØ ���ÑÑ Ñ ´´ ´ ééé ††† � ff f �� � ††† ��� �� � &&& ÿÿÿ ��� ÇÇÇ §§§ ´́́¢¢ ¢ �� � ¥¥¥ ŒŒŒ

±±± ÿÿÿ þþþ �� ��� � "" " eee ¡¡ ¡ ·· · ‚‚ ‚ 555 ïï ï ÄÄÄ ˜˜ ˜ eee ééé uuu � ff f �� � )) ) �� � ¥¥¥ ff f �� � &&& ÿÿÿ �� � ÇÇÇ §§§ ·· · ‚‚ ‚ ½½½ ÂÂÂ •• • ééé

¥¥¥ ff f kkk �� � �� � &&& ÿÿÿ �� � ÇÇÇ XXX eee ªª ª µµµ

Eef fective = 1 �
NundectNutron

NgenNutron
( 3.13)

ÙÙÙ ¥¥¥ Eef fective LLL ««« kkk �� � �� � &&& ÿÿÿ �� � ÇÇÇ §§§ NundectNutron ´´ ´¢¢ ¢ �� � ¥¥¥ vvv kkk &&& ÿÿÿ �� ��� � UUU 

 
 ÂÂÂ ¥¥¥ ‡‡‡

ff f %%% &&& ÿÿÿ ìì ì ¥¥¥ ff f �� � ‡‡‡ êêê §§§ ùùù 

 
 ¥¥¥ ff f ´´ ´ ddd‰‰‰»»» ‚‚ ‚ � ff f �� � ))) �� � §§§ ��� ´´ ´ � fff ¿¿¿ vvv kkk �� � &&& ÿÿÿ

ìì ì &&& ÿÿÿ �� � "" " NgenNutron LLL ««« �� � ´´ ´ ‰‰‰»»» ‚‚ ‚ � ff f ˜˜ ˜ �� � �� � )) ) �� � UUU 

 
 ÂÂÂ ¥¥¥¥¥ ¥ %%%&&& ÿÿÿ ììì ��� ¥¥¥ ff f êêê

888 "" "

333 ããã 3.57¥¥¥ ŒŒŒ•• • vvv kkk �� � &&& ÿÿÿ �� ��� � � ff f �� � »»» ,, , ÑÑÑ ééé ááá §§§ ããã 3.58222 ggg www ««« 

 
 ùùù 

 
 vvv kkk

�� � &&& ÿÿÿ �� ��� � � ff f �� � »»» ,, , •• • ÝÝÝ�� � ©©© ÙÙÙ §§§ ²² ² þþþ ŠŠŠ•• • kkk 0.2’’ ’ "" " ããã 3.59¥¥¥ ŒŒŒ±±± www �� � 1.. . �� � � ff f 333

YYY ³³ ³ ¥¥¥ �� � »»» ,, , •• • ÝÝÝ '' ' �� � •• • §§§ ŒŒŒ±±± �� � &&& ÿÿÿ �� � §§§ &&& ÿÿÿØØØ �� ��� � � ff f •• • ããã ¥¥¥ 2§§§ 3.. . �� � � ff f §§§ •••

´´ ´ BBB LLL 

 
 YYY ³³ ³ >>> �� � �� � ¯¯ ¯ ~~~ §§§ ùùù 

 
 ¯¯ ¯ ~~~ �� � )) ) ¥¥¥ ff f (ããã ¥¥¥ ‘‘ ‘ ÚÚÚ �� � ‚‚ ‚ ¤¤¤ ««« •• • ¥¥¥ ff f �� � »»» ,,, )ååå

ll l ¥¥¥ %%%&&& ÿÿÿ ìì ì '' ' �� � �� � §§§ ¥¥¥ mmm kkk 2.5’’ ’ þþþ ��� YYY ¶¶¶ -- - �� � §§§ ¥¥¥ ff f DDD ÂÂÂ ��� ¥¥¥ %%%&&& ÿÿÿ ìì ì ¥¥¥ �� � AAA ÇÇÇ

ÒÒÒ '' ' 1.. . �� � � ff f (»»» ,, , ååå ll l ¥¥¥ ‡‡‡ ff f &&& ÿÿÿ ìì ì CCC )‡‡‡ �� � "" "

•• • 

 
 555 LLL �� � � ff f �� � ååå ll l �� � CCC ÚÚÚ UUU 

 
 ‘‘ ‘ 555 ¥¥¥ fff ��� .. .� �� ''' XXX §§§ ccc ¡¡ ¡ ®®® kkk '' ' uuu ééé ddd �� � ���

[[ [ (( ( JJJ [93]§§§ ããã 3.60¤¤¤ ««« ÒÒÒ ´´ ´ �� �[[ [ �� � (( ( JJJ §§§ •• • � ff f �� � »»» ,, , ååå ll l ¥¥¥ %%%&&& ÿÿÿ ìì ì ¥¥¥ %%%��� ååå lll

††† �� � )) ) ¥¥¥ ff f ‡‡‡ êêê (ùùù ppp ¥¥¥ ff f 777 LLL ´´ ´ UUU 

 
 ÂÂÂ ¥¥¥¥¥ ¥ %%%&&& ÿÿÿ ìì ì �� � kkk �� � NNN ÈÈÈ )ƒƒƒ mmm �� � '' ' XXX """ ···

‚‚ ‚ ¦¦ ¦ ^^^ ˜˜ ˜ ‡‡‡ •• • êêê ¼¼¼ êêê ééé ddd ??? 111 [[ [ ÜÜÜ §§§ ÄÄÄ ��� þþþ ÑÑÑ ll l •• • êêê �� � ©©© ÙÙÙ §§§ XXX eee ªªª ¤¤¤ ««« µµµ

Nneutron = 582:2 � exp(�
x � 200:0

�
) ( 3.14)

ÙÙÙ ¥¥¥ � =80.7;333ùù ù ppp �� � x�� � üüü     •• • ff f ’’ ’ "" "

·· · ‚‚ ‚ ééé ªª ª 3.14??? 111 888 ˜˜ ˜ zzz ,888 ˜˜ ˜ •• • ŒŒŒæææ ��� ˜˜ ˜ UUU ��� ¯¯ ¯ ~~~ §§§ ÒÒÒ ¤¤¤ 


 ããã 3.61¤¤¤ ««« §§§ 555 ggg

uuu [93]�� � (( ( JJJ §§§ ééé uuu ŒŒŒæææ �� � �� � �� � :: : zzz UUU zzz ‡‡‡ ¥¥¥ ‡‡‡ ff f &&& ÿÿÿ ìì ì �� � ¬¬¬ ¯¯ ¯ ~~~ êêê •• • 45.2(ããã ¥¥¥
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ããã 3.58: vvv kkk ��� &&& ÿÿÿ ��� ��� � fff ��� »»» ,,, ••• ÝÝÝ��� ©©©
ÙÙÙ """

ããã 3.59: 333 YYY ³³³ ¥¥¥ ••• »»» ,,, ��� � fff ††† ááá »»» ,,, ��� � fff
���     ˜˜˜ """

ããã 3.60: � »»» ,,, ååå lll ¥¥¥ ‡‡‡ fff &&& ÿÿÿ ììì ��� ååå lll ††† ��� ))) ¥¥¥ fff ƒƒƒ mmm ��� ''' XXX

�� � ††† •• • ããã zzz 12.5cm©©© ˜˜ ˜ ‡‡‡ bin)"" " ããã 3.62¤¤¤ ««« •• • ŒŒŒæææ �� � �� � :: : ¤¤¤ kkk �� � � ff f »»» ,, , ååå lll ¥¥¥ ‡‡‡ fff

&&& ÿÿÿ ìì ì ¥¥¥ %%% �� � ååå ll l ©©© ÙÙÙ §§§ ããã ¥¥¥ ¤¤¤ ««« ••• ˜˜ ˜ UUU �� � ¯̄̄ ~~~ êêê """ ·· · ‚‚ ‚ ^̂̂ ††† ••• ããã 3.61 ØØØ ±±± ††† •• •

ããã 3.62ééé AAA �� � binŒŒŒ±±± �� ��� � ããã 3.63 ¤¤¤ ««« �� � zzz ‡‡‡ � 333 ååå ll l ¥¥¥ ‡‡‡ ff f &&& ÿÿÿ ìì ì ˜˜ ˜ ½½½ ååå ll l þþþ UUU 

 
 �� �

)) ) ¥¥¥ ff f �� � .. . AAA ÇÇÇ �� � ŒŒŒ�� � "" " kkk 

 
 ùùù ‡‡‡ �� � )) ) �� � AAA ÇÇÇ §§§ ÒÒÒ ŒŒŒ±±± ééé ??? ¿¿¿˜˜ ˜ ‡‡‡ ååå ll l þþþ �� � � ff f 555

�� � ŽŽŽ§§ §¤¤ ¤ UUU 

 
 ‰‰‰¥¥¥ ‡‡‡ ff f &&& ÿÿÿ ìì ì ‘‘ ‘ 555 �� � .. .�� � ŒŒŒ�� � §§§ 333ù ùù ppp ¤¤¤ OOO ŽŽŽ �� � AAA ÇÇÇ •• • ˜̃˜ ‡‡‡ ÚÚÚ OOO ���

(( ( JJJ "" " ããã 3.64¥¥¥ ¤¤¤ ««« �� � •• • vvv kkk &&& ÿÿÿ ����� � � ff f ååå ll l ¥¥¥ ‡‡‡ ff f &&& ÿÿÿ ìì ì ��� ååå ll l §§§ ùùù ÚÚÚ ÒÒÒ KKK eee ¡¡¡

�� � •• • YYY ³³ ³ ¥¥¥ kkk ÊÊÊ ŽŽŽ � ff f ¯¯ ¯ ~~~ ååå ll l ¥¥¥ ‡‡‡ ff f &&& ÿÿÿ ìì ì �� � ååå ll l "" " ŒŒŒ±±± www �� � ŒŒŒÜÜÜ ©©© ¯¯ ¯ ~~~ ååå ll l ¥¥¥

‡‡‡ ff f &&& ÿÿÿ ìì ì ¥¥¥ %%%�� � ååå ll l ÑÑÑ ŒŒŒuuu 6’’ ’ §§§ ÏÏ Ï ddd‘‘ ‘ 555 �� � ��� .. . ÒÒÒ CCC �� � ššš ~~~ �� � """

Nneutron = 6:5 � exp(�
x � 200:0

�
) ( 3.15)
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ããã 3.61: òòò úúú ªªª 3.14888 ˜˜˜ ��� zzz UUU ��� ((( JJJ """
ããã 3.62: ŒŒŒæææ ��� ��� ::: � fff »»» ,,, ååå lll ¥¥¥ ‡‡‡ fff &&& ÿÿÿ

ììì ��� ååå lll ©©© ÙÙÙ (˜˜˜ UUU ��� ¯¯¯ ~~~ )"""

ããã 3.63: zzz ˜˜˜ ‡‡‡ � fff 333 ˜˜˜ ½½½ ååå lll þþþ UUU 


 ��� ))) ¥¥¥ fff ��� ...��� AAA ÇÇÇ """

ããã 3.64: vvv kkk &&& ÿÿÿ ��� ��� � fff (ùùù ÚÚÚ ÒÒÒ KKK eee ��� ¯¯¯ ~~~ ••• ÊÊÊ ŽŽŽ � fff ¯¯¯ ~~~ )ååå lll ¥¥¥ %%% &&& ÿÿÿ ììì ��� ååå lll (üüü    
••• cm)"""
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·· · ‚‚ ‚ �� �[[ [ 

 
 � ff f ¯¯ ¯ ~~~ •• • 29400‡‡‡ ¯¯ ¯ ~~~ §§§ ŒŒŒ±±± OOO ŽŽŽ ÑÑÑ UUU 

 
 ééé uuu �� � ::: ooo ‡‡‡ ¥¥¥ ‡‡‡ ff f &&&

ÿÿÿ ìì ì �� � �� � )) ) ¥¥¥ ff f AAA ÇÇÇ •• • 3.72‡‡‡ §§§ 

 
 ééé uuu vvv kkk &&& ÿÿÿ �� ��� � � ff f UUU 

 
 �� � )) ) ¥¥¥ ff f �� � .. .�� � ‡‡‡ êêê

•• • 0:35� 10� 3 ‡‡‡ §§§ ééé uuu ¥¥¥ ff f kkk �� � &&& ÿÿÿ ��� ÇÇÇ ••• 99.9%§§§ === ééé uuu � fff ��� &&& ÿÿÿ �� � ÇÇÇ ••• 99.0%§§§

�� � ddduu u vvv kkk &&& ÿÿÿ �� ��� � � ff f ÑÑÑ ´´ ´ 333 YYY ³³ ³ ¥¥¥ »»» ,, , •• • ÝÝÝ ééé ááá�� � YYY ³³ ³ >>> �� � ¯¯ ¯ ~~~ §§§ ùùù aaa ¯¯ ¯ ~~~ ååå

ll l ¥¥¥ ‡‡‡ ff f &&& ÿÿÿ ìì ì ÑÑÑ '' ' �� � �� � §§§ kkk YYY ééé ¥¥¥ ff f �� � ¶¶¶ -- - ŠŠŠ ^^^ §§§ ÏÏ Ï ddd ùùù aaa ¯¯ ¯ ~~~ ‘‘‘ 555 �� � .. . ššš ~~~

�� � §§§ ééé ¥¥¥ ff f �� � &&& ÿÿÿ �� � ÇÇÇ •• • 99.9%§§§ '' ' ¢¢¢ �� �‡‡ ‡ ¦¦ ¦ 99.5%‡‡‡ ppp §§§ ŒŒŒ±±± ˆˆ ˆ ��� ¢¢¢ �� �‡ ‡‡ ¦¦ ¦ "" "

3.3.6.4 ñññ œœœ ¥¥¥ fff ��� ...ééé uuu lll ��� ... YYY ³³³ ��� KKK •••

111 �� � ÙÙÙ ¥¥¥ '' ' uuu ¢¢¢ �� � �� � �� � .. . ¥¥¥ 000 ��� LLL §§§ •• • 

 
 ˆ̂ˆ �� � ŒŒŒæææ��� �� � ¢¢¢ �� � 888 �� � §§§ ééé uuu ŒŒŒæææ���

¢¢¢ �� � �� � �� � .. . ‡‡‡ ¦¦ ¦ µµµ ¯¯ ¯ ¥¥¥ ff f �� � �� � .. . ††† &&& ÒÒÒ '' ' ‡‡‡ ¦¦ ¦ < 0.1%"" " LLL 3.7•• • ééé uuu ŒŒŒæææ�� � �� � �� � :: :�� �

�� �[[ [ (( ( JJJ [94]§§§ ŒŒŒ±±± www �� ��� � ‡‡‡ÎÎ Î ÜÜÜ XXX ÚÚÚ �� � �� � ÇÇÇ �� � 

 
 99.5%žžž §§§ ééé uuu üüü ¥¥¥ ff f �� � .. . ÚÚÚ ¯¯ ¯ ¥¥¥

ff f �� � .. . §§§ ¢¢¢ SSS þþþ ·· · ‚‚ ‚ •• • II I ^^^ 2’’ ’ �� � YYY �� � “““ ooo ��� ÒÒÒ ŒŒŒ±±± ÷÷÷ vvv ¢¢¢ �� � ��� ‡‡‡ ¦¦¦ 

 
 §§§ �� � 888 ccc æææ

^^^ �� � ´´ ´ 2.5’’ ’ þþþ YYY �� � §§§ '' ' 2’’ ’ YYY þþþ ~~~ ��� ��� ˜˜ ˜ ŒŒŒ��� ��� .. . §§§ ùùù ��� ééé uuu ˆ̂̂ �� � ¢¢¢ ��� 888 II I kkk ••• ŒŒŒ

‚‚ ‚ �� � �� � æææ"" "

‡‡‡ÎÎÎ ÜÜÜ ��� ÇÇÇ 99.5%

YYY þþþ (cm) 200 250

¥¥¥ ‡‡‡ fff ¯¯¯ ~~~ ÇÇÇ 80 80

��� ... Rate B/S Rate B/S

üüü ¥¥¥ fff 1.88 2.35% 1.07 1.3%

¯¯¯ ¥¥¥ fff 0.078 0.098% 0.04 0.043%

LLL 3.7: ��� ::: ¥¥¥ fff ��� ... ���[[[ ((( JJJ """

ééé uuu òòò YYY ³³ ³ ddd ooo •• • CCC •• • ll l �� � // / CCC ƒƒƒ �� � §§§ '' ' �� � 555 ~~~ �� � 4‡‡‡ �� � �� � YYY ““ “ ooo §§§ ddd ddd‘‘ ‘ 555 �� �

.. .�� � ŒŒŒ�� � §§§ XXX LLL 3.8 ¤¤¤ ««« §§§ &&& ÿÿÿ ìì ì �� � AAA ÛÛÛ UUU CCC �� � ¥¥¥ ff f �� � .. . OOO \\ \ ��� œœœ¹¹ ¹ """

••• /// YYY ³³³ lll ��� YYY ³³³ OOO \\\ þþþ

¥¥¥ fff êêê 5529 6757 15%

� fff êêê 5239 5816 12%

LLL 3.8: üüü ««« YYY ³³³ ((( ��� ��� ))) ¥¥¥ fff ��� ...��� CCC zzz [94]

YYY ³³ ³ �� � UUU CCC òòò OOO \\ \ ¥¥¥ ff f �� � .. . === 15%††† mmm §§§ ddd ccc ¡¡ ¡ �� � (( ( JJJ ŒŒŒ•• • •• • // / (( ( �� � 2.5mYYY ““ “ ooo

�� � ¥¥¥ ff f �� � .. . '' ' ¢¢¢ �� �‡‡ ‡ ¦¦ ¦ �� � 1�� � õõõ §§§ ùùù ppp OOO \\ \ 15%ØØØ ¬¬¬ ééé òòò 555 �� � ¢¢¢ ��� (( ( JJJ ‘‘ ‘ 555 KKK •• • """
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3.3.6.5 lll ��� YYY ³³³ ��� YYY ÌÌÌ ‚‚‚

ooo •• • // / UUU •• • ll l �� � .. . ƒƒƒ �� � §§§ kkk || | uuu UUU õõõ YYY ³³³ ��� YYY ÌÌÌ ‚‚ ‚ œœœ¹¹ ¹ §§§ eee ¡¡¡ YYY ÌÌÌ ‚‚‚ �� � OOO ŽŽŽ ���

˜˜ ˜ 

 
 (( ( JJJ [95]"" " ããã 3.65¤¤¤ ««« •• • ˜˜ ˜ ‡‡‡ ooo •• • // / �� � YYY ³³ ³ �� � �� � .. . �� � 			 YYY ³³ ³ YYY ÌÌ Ì ‚‚‚ GGG ¹¹¹ §§§ ˜˜ ˜ ‡‡‡

ýýý ¡¡ ¡ •• • 333 // / µµµ §§§ ùùù �� � ééé uuu YYY �� � ÌÌ Ì ‚‚ ‚ ØØØ ÚÚÚ ÀÀÀ zzz ØØØ || | "" " 

 
 òòò ooo •• • /// TTT •• • ll l ��� // / �� � §§§ 333

ll l �� � // / YYY ³³ ³ �� � 		 	 YYY ³³ ³ XXX ããã 3.66¤¤¤ ««« §§§ ÑÑÑ yyy 

 
 þþþ !! ! �� � 666 ‚‚ ‚ §§§ ÌÌ Ì ‚‚ ‚ '' ' �� �þþ þ !! ! "" " ããã 3.67ÚÚÚ

ããã 3.68¤¤¤ ««« §§§ •• • CCC :: : ÚÚÚ �� � :: : YYY ³³ ³ ÌÌ Ì ‚‚ ‚ ��� ˜̃̃ ‡‡‡ �� � ¡¡ ¡ ããã §§§ ããã ¥¥¥ ŒŒŒ±±± www ��� YYY ��� 666 „„ „ ÄÄÄ ��� þþþ

'' ' �� �þþ þ !! ! §§§ ééé YYY �� � ÌÌ Ì ‚‚ ‚ ÚÚÚ ÀÀÀ zzz '' ' �� � kkk || | §§§ UUU �� � ±±± YYY ��� XXX ÀÀÀ ÝÝÝ §§§ ±±± ‘‘‘ ±±± ŒŒŒæææ ��� YYY êêê ÕÕÕ

………ÅÅÅ &&& ÿÿÿ ìì ì •• • ÏÏ Ï �� � ­­ ­ ½½½ 555 "" "

ããã 3.65: ooo ••• ... ��� ˜˜˜ ‡‡‡ ÌÌÌ ‚‚‚ ��� ... ��� OOO ŽŽŽ (((
JJJ ããã 3.66: CCC :::��� 			 YYY ³³³ ��� ÌÌÌ ‚‚‚ ��� 666 ‚‚‚

ããã 3.67: CCC ::: ÌÌÌ ‚‚‚ ��� ˜˜˜ ‡‡‡ ��� ¡¡¡ ããã ããã 3.68: ��� ::: YYY ³³³ ��� ˜˜˜ ‡‡‡ ��� ¡¡¡ ããã
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þþþ ˜˜ ˜ ÙÙÙ XXX ­­ ­ ùùù ããã 

 
 ŒŒŒæææ �� � ‡‡‡ ÎÎ Î ÜÜÜ &&& ÿÿÿ ìì ì �� � �� � OOO ÚÚÚ `` ` zzz LLL §§§ §§§ ÏÏ Ï LLL �� � [[ [ �� �

•• • PMT �� � ÂÂÂ �� � �� � 111 >>> ff f êêê §§§ XXX »»» êêê §§§ &&& ÿÿÿ ��� ÇÇÇ ��� &&& EEE §§§ ��� ¿¿¿ØØØ ˜̃̃ ÙÙÙ ˆ̂̂‡‡ ‡ 111 ÆÆÆëëë

êêê ééé �� � ‡‡‡ &&& ÿÿÿ ìì ì 555 UUU �� � KKK •• • kkk õõõ ŒŒŒ§§§ @@@

 
 ëëë êêê CCC zzz ééé &&& ÿÿÿ ììì 555 UUU KKK •• • ŒŒŒ§§§ @@@

 
 ëëë êêê

CCC zzz ééé &&& ÿÿÿ ìì ì KKK •• • �� � §§§ ŒŒŒæææ�� � &&& ÿÿÿ ìì ì 111 ÆÆÆëëë êêê ‡‡‡ ˆ̂ˆ ��� ŸŸŸ ooo ��� �� � YYY ²²² ŒŒŒ±±± ÷÷÷ vvv ¢¢¢ �� � ���

II I ‡‡‡ §§§ �� � eee 555 �� � ˜˜ ˜ !! ! XXX ­­ ­ ïï ï ÄÄÄ ˆˆ ˆ‡‡ ‡ 111 ÆÆÆëëë êêê ††† &&& ÿÿÿ ììì &&& ÿÿÿ ��� ÇÇÇ ƒƒƒ mmm �� � '' ' XXX """ ccc ¡¡ ¡ ùùù

ããã 

 
 ŒŒŒæææ�� � kkk õõõ ‡‡‡ ‡‡‡ÎÎ Î ÜÜÜ &&& ÿÿÿ ìì ì §§§ ŒŒŒ±±± ¢¢¢ yyy �� � ÇÇÇ ƒƒƒ mmm �� � ƒƒƒ ppp uuu �� � §§§ 111 �� � !!! ÏÏÏ LLL �� �[ [[

555 ïï ï ÄÄÄ ˆˆ ˆ‡‡ ‡ &&& ÿÿÿ ìì ì ƒƒƒ mmm �� � �� � ÇÇÇ ii i ÿÿÿ ÚÚÚ uuu ��� "" "

4.1 ˆˆˆ ««« 111 ÆÆÆëëë êêê ��� ���[[[

ccc ¡¡ ¡ ®®® ²² ²00 0 �� � 

 
 ŒŒŒæææ ��� ��� ‡‡‡ÎÎ Î ÜÜÜ &&& ÿÿÿ ììì •• • VVV �� � ��� ((( �� � §§§ ddd ooo ••• /// CCC •• • 


 lll

�� � // / §§§ �� � ´´ ´ üüü ööö33 3 &&& ÿÿÿ �� � �� � NNN 555 UUU þþþ ÄÄÄ �� � þþþ CCC zzz ØØØ ŒŒŒ"" " eee ¡¡ ¡ ^^^ ooo •• • YYY ³³ ³ �� � �� �[[ [

(( ( JJJ §§§ 555 ïï ï ÄÄÄ YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ìì ì �� � 555 UUU """ 333 &&& ÿÿÿ ìì ì SSS YYY ³³ ³ PMT ��� ———ÝÝÝ •• • zzz 2.3²² ²

’’ ’ 1‡‡‡ PMT §§§ 		 	 YYY ³³ ³ •• • zzz 4.6²² ² ’’ ’ 1‡‡‡ PMT "" " ããã 4.1‰‰‰ÑÑÑ YYY ³³ ³ �� � ýýý ¡¡ ¡ ÚÚÚ :: : ÀÀÀ ããã "" " ããã 4.2 ¥¥¥

¤¤¤ ««« •• • � ff f 333 SSS 		 	 YYY ³³ ³ ¥¥¥ �� � »»» ,, , �� � •• • ÝÝÝ §§§ ééé uuu SSS YYY ³³ ³ 555 `` ` ²² ² þþþ �� � »»» ,, , •• • ÝÝÝ •• • 5.5’’ ’ §§§



 
 ééé uuu 		 	 YYY ³³ ³ 555 `` ` §§§ ²² ² þþþ ��� »»» ,,, •• • ÝÝÝ •• • 2.5 ’’ ’ §§§ SSS YYY ³³ ³ �� � ºº º €€€ •• • 14’’ ’ � 14’’ ’ � 9’’ ’ §§§ ÙÙÙ

¥¥¥¥¥ ¥ %%% &&& ÿÿÿ ìì ì �� � ppp ÝÝÝ •• • 5’’ ’ §§§ XXX JJJ ˜˜ ˜ ‡‡‡ � ff f ll l YYY ³³ ³ �� �ºº º ÜÜÜ BBB LLL ¥¥¥ ‡‡‡ ff f &&& ÿÿÿ ìì ì ,, , �� � BBB

LLL 

 
 .. . ÜÜÜ §§§ � ff f �� � »»» ,, , •• • ÝÝÝ �� � ••• 4’’ ’ §§§ ããã 4.2¤¤¤ ««« � ff f 333 SSS YYY ³³³ »»» ,, , ���11 1 ˜̃̃ ‡‡‡ ¸¸ ¸ 333 4’’ ’

??? §§§ 

 
 ééé AAA �� � � ff f ÒÒÒ ´´ ´ ããã 4.1¤¤¤ ««« �� �11 1 1¥¥¥ aaa .. . �� � � ff f ¶¶¶ SSS YYY ³³³ ,,, 		 	 ˜̃˜ ‡‡‡ ¸¸ ¸ ŠŠŠ 333 9’’ ’

??? §§§ � ff f vvv kkk BBB LLL ¥¥¥ %%%&&& ÿÿÿ ìì ì §§§ 

 
 ´´ ´ ††† �� � ll l YYY ³³ ³ �� �ºº º ÜÜÜ \\ \ �� � ll l .. . ÜÜÜ BBB ÑÑÑ §§§ SSS YYY ³³ ³ �� �

þþþ ÝÝÝ •• • 9’’ ’ §§§ ¸¸ ¸ 333 9’’ ’ �� �      ˜˜ ˜ þþþ (ééé AAAuu u ããã 4.1�� � 2§§§ 3aaa .. . �� � � fff )""" ééé uuu 			 YYY ³³³ ¤¤¤ ««« •• • ˜̃̃

‡‡‡ 1’’ ’ �� � ¸¸ ¸ ÚÚÚ ˜˜ ˜ ‡‡‡ 3’’ ’ ††† mmm ��� ¸¸ ¸ §§§ 1’’ ’ �� � ¸̧̧ ééé AAA 1§§§ 2§§§ 3««« aaa ... ��� � ff f §§§ lll YYY ³³³ �� �ºº º ÜÜÜ \\\

�� � §§§ ll l .. . ÜÜÜ BBB ÑÑÑ §§§ ••• ÏÏÏ LLL 		 	 YYY ³³ ³ ���. .. ÜÜÜ §§§ ééé AAAuuu 1’’ ’ ��� ¸¸ ¸ ¶¶¶ 3’’ ’ ��� ¸̧̧ ´́´ ddd 111 4««« aaa ...

�� � � ff f ll l YYY ³³ ³ �� � ýýý ¡¡ ¡ \\ \ ��� lll .. . ÜÜÜ BBB ÑÑÑ §§§ ��� BBB 2‡‡‡ þþþ ÝÝÝ ••• 1’’ ’ �� � YYY ��� §§§ �� �3 33 3’’ ’ ??? // / ¤¤¤ ˜̃̃

‡‡‡ ¸¸ ¸ "" "

ééé uuu YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ìì ì §§§ UUU ØØØ UUU &&& ÿÿÿ �� � ˜˜ ˜ ‡‡‡ ‰‰‰»»» ‚‚ ‚ �� � � ff f §§§ •• • ÌÌ Ì ‡‡‡ �� � ¯¯ ¯ KKK ÒÒÒ ´´ ´

UUU ØØØ UUU kkk vvv 

 
 �� � êêê ÕÕÕ ………ÅÅÅ 111 ff f �� � &&& ÿÿÿ �� � §§§ 

 
 � ff f 333 YYY ¥¥¥ »»» ,, , •• • ÝÝÝ�� � •• • ááá ûûû ½½½ ††† �� � êêê

63
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ããã 4.1: ŒŒŒæææ ��� ‡‡‡ÎÎÎ ÜÜÜ YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ììì ��� ýýý ÀÀÀ ããã (ããã ¥¥¥ ��� 1§§§ 2§§§ 3§§§ 4••• ooo ««« aaa ... ��� � fff )"""

muon tracklength in IWD/m
0 2 4 6 8 1012 141618

innertracklength
Entries  20119
Mean    5.541
RMS     2.966
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Entries  25684
Mean     2.53
RMS     1.812
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Entries  25684
Mean     2.53
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ããã 4.2: � fff 333 SSS YYY ³³³ ��� »»» ,,, ••• ÝÝÝ ©©© ÙÙÙ (††† ããã )¶¶¶ � fff 333 			 YYY ³³³ ��� »»» ,,, ••• ÝÝÝ ©©© ÙÙÙ (mmm ããã )"""

ÕÕÕ ………ÅÅÅ 111 ff f �� �õõ õ �� � "" " ØØØ 

 
 ††† �� � \\ \ ��� UUU 


 ÂÂÂ ¥¥¥ PMT �� � 111 ff f 			 §§§ XXX JJJ •• • 333 ‡‡‡ ��� §§§ PMT „„„

ŒŒŒ±±± �� � ÂÂÂ 555 ggg uuu ‡‡‡ �� � �� � 111 ff f §§§ ùùù �� � ÒÒÒ ¦¦ ¦ &&& ÿÿÿ •• • •• • kkk �� � "" " ùùù �� � III ‡‡‡ YYY kkk ••• �� � ááá ÂÂÂ •••

ÝÝÝ §§§ tyvek �� � kkk ppp �� � ‡‡‡ �� � ÇÇÇ §§§ ùùù ééé ¢¢¢ �� � ¥¥¥ &&& ÿÿÿ ììì �� � 555 UUU kkk ­­ ­ ‡‡‡ �� � KKK •• • """ 333 ���[[ [ ¥¥¥ §§§ ééé

uuu ùùù 

 
 ëëë êêê ˜˜ ˜ ˜˜ ˜ �� � %%% @@@ŠŠŠ •• • tyvek �� � ‡‡‡ �� � ÇÇÇ •• • 80%§§§ YYY ��� ááá ÂÂÂ •• • ÝÝÝ ••• •• • ??? •• • 20’’ ’ §§§ ¥¥¥

%%%&&& ÿÿÿ ìì ì ggg -- - 		 	 ÜÜÜ �� � ‡‡‡ �� � ÇÇÇ •• • 40%"" " eee ¡¡ ¡ �� � ééé ùùù 

 
 111 ÆÆÆëëë êêê ééé &&& ÿÿÿ ìì ì 555 UUU �� � KKK •• • 555

‰‰‰ïï ï ÄÄÄ "" "

XXX JJJ &&& ÿÿÿ ìì ì �� � ÜÜÜ ddd PMT 111 ÒÒÒ 444 CCCXXX §§§ XXX JJJ � ff f �� � »»» ,,, •• • ÝÝÝ ••• 5.5’’ ’ (SSS YYY ³³ ³ )§§§ ŒŒŒ

±±± �� � ÂÂÂ �� ��� � êêê ÕÕÕ ………ÅÅÅ 111 ff f êêê �� � •• • 190§§§ 000‡‡‡ ( OOO ŽŽŽ 

 
 ÅÅÅ •• • ll l 300nm�� � 600nm�� � 111 ff f §§§

ùùù ˜˜ ˜ ÜÜÜ ©©© 111 ff f 333 PMT �� � •• • AAA �� � (( ( ¯¯ ¯ ««« )§§§ ééé uuu 		 	 YYY ³³ ³ §§§ 2.5’’ ’ �� � »»» ,,, ••• ÝÝÝ ŒŒŒ±±± �� � ÂÂÂ ���

•• • 90§§§ 000‡‡‡ 111 ff f "" " �� � •• • ÄÄÄ

 
 PMT �� � ¢¢¢ SSS �� � CCCXXX ÇÇÇ §§§ SSS YYY ³³ ³ 1.4%§§§ 		 	 YYY ³³³ 0.8%�� � CCCXXX

ÇÇÇ "" " 333ùù ù �� � �� � CCCXXX ÇÇÇ eee §§§ SSS YYY ³³ ³ ŒŒŒ±±± �� � ÂÂÂ �� ��� � ††† �� � 111 ff f �� � ))) �� � 111 >>> fff �� � •• • 260‡‡‡ §§§ 		 	
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YYY ³³ ³ �� � ÂÂÂ �� ��� � ††† �� � 111 ff f �� � )) ) �� � 111 >>> ff f êêê �� � •• • 70‡‡‡ "" " �� � 333 ããã 4.3�� � ††† ããã www �� ��� � ²² ² þþþ 111 >>>

ff f > 400, 333 ããã 4.4�� � ††† ããã www �� ��� � ²² ² þþþ 111 >>> ff f êêê > 300"" " ÌÌ Ì ‡‡‡ ´´ ´ ddduu u ‡‡‡ �� � 111 �� � ŠŠŠ ^^^ §§§ ÏÏ Ï ddd

ŒŒŒÜÜÜ ©©© �� � ÂÂÂ �� � 111 ff f 555 ggg uuu ‡‡‡ �� � 111 "" "

ããã 4.3www ««« �� � SSS YYY ³³ ³ ÂÂÂ �� � �� � ooo �� � 111 >>> ff f êêê ÚÚÚ PMT XXX »»» ‡‡‡ êêê �� � ©©© ÙÙÙ §§§ 111 >>> ff f �� �

²² ² þþþ ŠŠŠ •• • 482.5§§§ XXX »»» ‡‡‡ êêê �� � ©©© ÙÙÙ •• • 100"" " ããã 4.4www ««« �� � SSS YYY ³³ ³ ÂÂÂ �� ��� � ooo �� � 111 >>> ff f êêê

ÚÚÚ PMT XXX »»» ‡‡‡ êêê �� � ©©© ÙÙÙ §§§ 111 >>> ff f �� � ²² ² þþþ ŠŠŠ ••• 361.7§§§ XXX »»» ‡‡‡ êêê �� � ©©© ÙÙÙ •• • 65.7"" "

total number of p.e. for IWD
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Mean    482.5
RMS     274.2
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Entries  20119
Mean      100
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ããã 4.3: ††† ããã µµµ SSS YYY ³³³ ��� ÑÑÑ ÑÑÑ 111 >>> fff êêê ©©© ÙÙÙ §§§ mmm
ããã µµµ SSS YYY ³³³ PMT XXX »»» ‡‡‡ êêê ©©© ÙÙÙ """

total number of p.e. for OWD
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IWDPE
Entries  25684
Mean    361.7
RMS     302.6
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ããã 4.4: ††† ããã µµµ 			 YYY ³³³ ��� ÑÑÑ ÑÑÑ 111 >>> fff êêê ©©© ÙÙÙ §§§ mmm
ããã µµµ 			 YYY ³³³ PMT XXX »»» ‡‡‡ êêê ©©© ÙÙÙ """

4.1.1 Tyvek ‡‡‡ �� � ÇÇÇ �� � KKK •• •

ÏÏ Ï LLL ØØØ ÓÓÓ ‡‡‡ �� � ÇÇÇ �� � �� �[[ [ (( ( JJJ §§§ ŒŒŒ•• • tyvek �� � ‡‡‡ �� � ÇÇÇ ééé uuu &&& ÿÿÿ �� ��� � 111 ff f êêê KKK •• • ééé

ŒŒŒ"" " ããã 4.5§§§ XXX JJJ tyvek ‡‡‡ �� � ÇÇÇ ll l 0.0CCC zzz �� � 0.8§§§ ŒŒŒ±±± www �� �éé é uuu SSS YYY ³³ ³ §§§ 111 >>> ff f êêê �� � OOO

\\ \ 

 
 90%§§§ 		 	 YYY ³³ ³ 111 >>> ff f êêê OOO \\ \ 190%§§§ ùùù ppp �� � 111 >>> ff f êêê ÚÚÚ XXX »»» ‡‡‡ êêê •• • ²²² þþþ ŠŠŠ """
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ããã 4.5: 333 ØØØ ÓÓÓ ��� tyvek‡‡‡ ��� ÇÇÇ eee SSS 			 YYY ³³³ 111 >>> fff êêê ÚÚÚ XXX »»» êêê ��� CCC zzz œœœ ¹¹¹

XXX ããã 4.6¤¤¤ ««« §§§ �� � tyvek‡‡‡ �� � ÇÇÇ �� � uuu 0.8�� � žžž ÿÿÿ §§§ 		 	 YYY ³³ ³ �� � &&& ÿÿÿ �� � ÇÇÇ '' ' SSS YYY ³³ ³ �� � &&&

ÿÿÿ �� � ÇÇÇ òòò ××× „„ „ eee üüü "" " �� ��� � tyvek‡‡‡ �� � ÇÇÇ ŒŒŒuuu 0.8žžž ÿÿÿ §§§ SSS 		 	 YYY ³³ ³ �� � &&& ÿÿÿ �� � ÇÇÇ ÑÑÑ ŒŒŒ±±± ŒŒŒ

uuu 96%"" " ÏÏ Ï ddd ééé uuu tyvek‡‡‡ �� � ÇÇÇ �� � ‡‡‡ ¦¦ ¦ ‡‡‡ > 0.8"" "
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ããã 4.6: tyvek‡‡‡ ��� ÇÇÇ ††† SSS 			 YYY ³³³ &&& ÿÿÿ ��� ÇÇÇ ��� ''' XXX

4.1.2 ggg -- - 		 	 LLL ¡¡ ¡ ‡‡‡ �� � ÇÇÇ �� � KKK •• •

ããã 4.7¤¤¤ ««« •• • ¥¥¥ %%%&&& ÿÿÿ ìì ì 		 	 LLL ¡¡ ¡ ‡‡‡ �� � ÇÇÇ CCC zzz ééé uuu SSS YYY ³³ ³ �� � KKK •• • "" " �� � ‡‡‡ �� � ÇÇÇ ll l 0.0OOO

\\ \ �� � 0.8§§§ 111 >>> ff f êêê OOO \\ \ �� � •• • 42%§§§ XXX »»» PMT ‡‡‡ êêê �� � OOO \\ \ �� � •• • 64%§§§ �� � ��� ÇÇÇ ��� OOO \\ \ ���

•• • 1.7% ( 4.8)"" " ÌÌ Ì ‡‡‡ �� � ÏÏ Ï •• • �� � ggg -- - �� � 		 	 LLL ¡¡ ¡vv v kkk ‡‡‡ �� � ÇÇÇ (�� � �� � ççç �� � œœœ¹¹ ¹ eee )§§§ PMT •• • ŒŒŒ

±±± �� � ÂÂÂ �� � vvv 

 
 õõõ�� � 111 >>> ff f (> 400)§§§ ®®® ²² ² ŒŒŒ±±± �� � ±±± '' ' �� � ppp �� � &&& ÿÿÿ �� � ÇÇÇ (>95%)§§§ �� � 		 	 LLL

¡¡ ¡ �� � ‡‡‡ �� � ÇÇÇ OOO \\ \ žžž §§§ ééé uuu � ff f �� � &&& ÿÿÿ �� � ¿¿¿ vvv kkk ²²² www ��� OOO \\\ """
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ããã 4.7: ggg --- LLL ¡¡¡ ‡‡‡ ��� ÇÇÇ ��� CCC zzz ééé 111 >>> fff ÚÚÚ XXX »»» êêê ��� KKK ••• """

4.1.3 YYY ááá ÂÂÂ •• • ÝÝÝ�� � KKK •• •

TyvekŠŠŠ •• • &&& ÿÿÿ ìì ì �� � ‡‡‡ �� � �� � §§§ %%%@@@�� � ˜˜ ˜ ‡‡‡ �� � ÇÇÇ •• • 0.8§§§ ¥¥¥ %%%&&& ÿÿÿ ìì ì �� � 		 	 LLL ¡¡ ¡ �� � ‡‡‡ �� �

ÇÇÇ •• • 0.4"" " � ff f uuu ÑÑÑ �� � êêê ÕÕÕ ………ÅÅÅ 111 ff f òòò �� � tyvekÚÚÚ ¥¥¥ %%%&&& ÿÿÿ ìì ì �� � LLL ¡¡ ¡ õõõ ggg �� � ‡‡‡ �� � "" " XXX JJJ

YYY �� � ááá ÂÂÂ •• • ÝÝÝ ééé ááá §§§ 111 ff f 333 ˆˆ ˆ �� � PMT ƒƒƒ mmm ÒÒÒ kkk ééé ŒŒŒ��� AAA ÇÇÇ �� � ááá ÂÂÂ KKK "" " ¤¤¤ ±±± YYY ááá ÂÂÂ •••

ÝÝÝéé é &&& ÿÿÿ ìì ì �� � 555 UUU ååå XXX ––– '' ' ­­ ­ ‡‡‡ �� � ŠŠŠ ^^^ "" " 333 �� �[[ [ ¥¥¥ §§§ ¦¦ ¦ ^^^ ØØØ ÓÓÓ �� � YYY �� � ááá ÂÂÂ ••• ÝÝÝ §§§ 555
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ããã 4.8: ggg --- LLL ¡¡¡ ‡‡‡ ��� ÇÇÇ ��� CCC zzz ééé &&& ÿÿÿ ��� ÇÇÇ ��� KKK ••• """

www &&& ÿÿÿ ìì ì �� � �� � ÇÇÇ �� � CCC zzz """ ããã 4.9¤¤¤ ««« §§§ ��� YYY �� � ááá ÂÂÂ •• • ÝÝÝ lll 10’’ ’ OOO \\\ ��� 65’’ ’ žžž §§§ SSS 			 YYY

³³ ³ ²² ² þþþ�� � ÂÂÂ �� ��� � 111 >>> ff f êêê OOO \\ \ �� � 100%§§§ 

 
 PMT �� � XXX »»» êêê 888 •• • OOO \\ \ ˜̃̃ �� � ††† mmm "" "
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ããã 4.9: YYY ááá ÂÂÂ ••• ÝÝÝ ††† 111 >>> fff êêê ÚÚÚ XXX »»» êêê ��� ''' XXX """

ããã 4.10¤¤¤ ««« •• • ééé � ff f �� � &&& ÿÿÿ �� � ÇÇÇ ††† YYY �� � ááá ÂÂÂ •• • ÝÝÝ ƒƒƒ mmm �� � '' ' XXX "" " �� � YYY �� � ááá ÂÂÂ •• • ÝÝÝ

ll l 2’’ ’ �� � 10’’ ’ CCC zzz �� � žžž ÿÿÿ §§§ SSS YYY ³³ ³ �� � &&& ÿÿÿ �� � ÇÇÇ OOO \\ \ ššš ~~~ ¯¯ ¯ §§§ �� � YYY �� � ááá ÂÂÂ •• • ÝÝÝ > 20’’ ’ ±±±

�� � §§§ &&& ÿÿÿ �� � ÇÇÇ ŒŒŒ±±± �� � 96.6%§§§ ÄÄÄ �� � þþþ �� � ˜˜ ˜ ‡‡‡ ²² ² �� � þþþ §§§ ááá ÂÂÂ •• • ÝÝÝ 222OOO \\ \ §§§ �� � ÇÇÇ �� � OOO •• • CCC

�� � ššš ~~~ ………úúú "" " ééé uuu 		 	 YYY ³³ ³ §§§ �� � YYY ááá ÂÂÂ •• • ÝÝÝ ddd 2’’ ’ �� � 10’’ ’ ƒƒƒ mmm CCC zzz �� � žžž ÿÿÿ §§§ OOO \\ \ �� � „„ „ ÝÝÝ

'' ' SSS YYY ³³ ³ ¯¯ ¯ §§§ �� � YYY �� � ááá ÂÂÂ •• • ÝÝÝ > 20’’ ’ �� � §§§ &&& ÿÿÿ �� � ÇÇÇ ŒŒŒ±±± ˆˆ ˆ �� � 98.6%"" " ·· · ‚‚ ‚ �� � ÑÑÑ (( ( ØØØ �� �

YYY �� � ááá ÂÂÂ •• • ÝÝÝ > 20’’ ’ žžž §§§ SSS 			 YYY ³³ ³ þþþ ŒŒŒ±±± ��� ±±± '' ' �� � ppp ��� &&& ÿÿÿ �� � ÇÇÇ (> 95%)"" " •• • ÄÄÄ ��� III

‡‡‡ (( ( �� � &&& ÿÿÿ �� � ÇÇÇ §§§ ¦¦ ¦ YYY ááá ÂÂÂ •• • ÝÝÝ ??? uuu ˜˜ ˜ ‡‡‡ SSS �� � �� � ¯̄¯ þþþ §§§ uuu ))) �� � �� � ÅÅÅ ÄÄÄ •• • ØØØ KKK •• • &&& ÿÿÿ

�� � ÇÇÇ žžž §§§ ééé ŒŒŒæææ�� � YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ìì ì ‡‡‡ ¦¦¦ •• • YYY �� � ááá ÂÂÂ •• • ÝÝÝ > 30m"" "
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ããã 4.10: YYY ááá ÂÂÂ ••• ÝÝÝ ††† &&& ÿÿÿ ��� ÇÇÇ ƒƒƒ mmm ��� ''' XXX """

4.1.4 €€€ KKK PMT �� � KKK •• •

ééé uuu ˜˜ ˜ 

 
 ŒŒŒ.. . •• • ÏÏ Ï �� � ¢¢¢ ��� §§§ 333 ¢¢¢ ��� ��� ••• ÏÏ Ï $$$ 111 LLL §§§ ¥¥¥ §§§ ooo ••• 333 kkk ˜˜ ˜ �� � ÜÜÜ ©©©

�� � PMT ¬¬¬€€ € KKK (< 5%)"" " ŒŒŒæææ �� � •• •‡‡ ‡ •• • ÄÄÄ ùùù ‡‡‡ ¯̄̄ KKK §§§ ·· · ‚‚‚ bbb ��� kkk 5%��� PMT €€€ KKK 

 
 §§§



 
 €€€ KKK�� � PMT •• • ‘‘ ‘ === §§§ ØØØ ((( ½½½ @@@‡‡‡ €€€ """ ããã 4.11ÚÚÚ ããã 4.12¤¤¤ ««« ÒÒÒ ´´ ´ bbb �� � kkk 5%�� � PMT ‘‘‘

ÅÅÅ€€ € KKK §§§ ‰‰‰ÑÑÑ �� � ÇÇÇ �� � ©©© ÙÙÙ ããã """ ��� vvv kkk PMT €€€ žžž §§§ SSS YYY ³³ ³ &&& ÿÿÿ �� � ÇÇÇ 97.1%§§§ 		 	 YYY ³³³ &&&

ÿÿÿ �� � ÇÇÇ 97.0%"" " ll l ããã ¥¥¥ ŒŒŒ±±± www �� � §§§ ééé uuu SSS YYY ³³ ³ •• • ŒŒŒ�� � �� � ÇÇÇ ¿¿¿ ”” ” •• • 0.3%§§§ ééé uuu 		 	 YYY ³³ ³

•• • 0.6%§§§ �� � ÇÇÇ ¿¿¿ ”” ” ¿¿¿ØØØ ²² ² www "" "
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ããã 4.11: ��� ÇÇÇ ��� ©©© ÙÙÙ )

outer detector efficiency/%
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ããã 4.12: ��� ÇÇÇ ��� ©©© ÙÙÙ

4.1.5 �� � (( (

ÏÏ Ï LLL ééé 111 ÆÆÆëëë êêê �� � �� �[[ [ §§§ ééé uuu ŒŒŒæææ��� �� � ¢¢¢ ��� �� � OOO JJJ ÑÑÑ ‡‡‡ ¦¦¦ §§§ ‡‡‡ ¦¦ ¦ YYY ��� ááá ÂÂÂ •• • ÝÝÝ

‡‡‡ > 20m§§§ ¢¢¢ �� � ¥¥¥ •• • 

 
 �� � yyy &&& ÿÿÿ ìì ì ��� 555 UUU §§§ JJJ ÑÑÑ 

 
 ��� ÅÅÅ �� � ��� OOO §§§ ‡‡‡ ¦¦ ¦ YYY �� � ááá ÂÂÂ •• • ÝÝÝ

‡‡‡ > 30m¶¶¶ tyvek �� � ‡‡‡ �� � ÇÇÇ ‡‡‡ > 80%;¥¥¥ %%%&&& ÿÿÿ ìì ì 		 	 ÜÜÜ ggg -- - �� � ‡‡‡ �� � ÇÇÇ CCC zzz ééé SSS YYY ³³ ³ �� � ���



4.2. ééé uuu ‡‡‡ÎÎÎ ÜÜÜ &&& ÿÿÿ ììì ��� ��� ÇÇÇ ��� uuu ��� 69

ÇÇÇ KKK •• • ØØØ ²² ² www ¶¶¶ �� � kkk 5%�� � PMT €€€ KKK žžž §§§ &&& ÿÿÿ ìì ì ��� �� � ÇÇÇ üüü $$$ ��� 0.6%"" "

4.2 ééé uuu ‡‡‡ÎÎÎ ÜÜÜ &&& ÿÿÿ ììì ��� ��� ÇÇÇ ��� uuu ���

ŒŒŒæææ �� � �� � ‡‡‡ÎÎ Î ÜÜÜ XXX ÚÚÚ kkk õõõ ‡‡‡ ff f XXX ÚÚÚ ||| ¤¤¤ §§§ •• • )) ) SSS YYY ³³ ³ §§§ 		 	 YYY ³³³ §§§ „„ „ kkk ººº ÜÜÜ

�� � RPCXXX ÚÚÚ §§§ ±±± ¢¢¢ yyy ééé ‰‰‰»»» ‚‚ ‚ � ff f ppp �� � &&& ÿÿÿ �� � ÇÇÇ §§§ kkk �� � �� � ~~~ �� � ‰‰‰»»» ‚‚ ‚ � fff �� � )) ) �� � ¥¥¥ fff

�� � �� � .. . "" " ,, , 		 	 ˜˜ ˜ ‡‡‡ '' ' �� � ­­ ­ ‡‡‡ �� � ŠŠŠ ^^^ •• • ŒŒŒ±±± ¢¢¢ yyy ˆˆ ˆ‡‡‡ fff &&& ÿÿÿ ììì ƒƒƒ mmm ��� ÇÇÇ �� � ƒƒƒ ppp ii i ÿÿÿ ÚÚÚ

uuu �� � §§§ ééé òòò 555 �� � ¢¢¢ �� � kkk XXX ­­ ­ ‡‡‡ �� � ¿¿¿ÂÂÂ """

eee ¡¡ ¡ AAA !! !ÒÒ Ò ÌÌ Ì ‡‡‡ ??? ØØØ '' ' uuu ˆˆ ˆ‡‡ ‡ &&& ÿÿÿ ìì ì ƒƒƒ mmm ��� ƒƒƒ ppp uuu ÿÿÿ §§§ •• • ))) ^^^ BBB LLL SSS YYY ³³³ �� � � ¯̄̄

~~~55 5 ii i ÿÿÿ 		 	 YYY ³³ ³ �� � �� � ÇÇÇ §§§ ^^^ BBB LLL 		 	 YYY ³³ ³ �� � � ff f ¯¯ ¯ ~~~55 5 ii i ÿÿÿ SSS YYY ³³ ³ �� � �� � ÇÇÇ §§§ ^^^ BBB LLL ¥¥¥

‡‡‡ ff f &&& ÿÿÿ ìì ì �� � � ff f ¯¯ ¯ ~~~55 555 5 ii i ÿÿÿ SSS 		 	 YYY ³³ ³ �� � �� � ÇÇÇ ¶¶¶ ^̂̂ BBB LLL YYY ³³ ³ �� � ¯̄¯ ~~~55 5 ii i ÿÿÿ RPCXXX

ÚÚÚ �� � �� � ÇÇÇ "" "

ll l 111 ˜˜ ˜ !! ! 111 ÆÆÆëëë êêê �� � ïï ï ÄÄÄ ¥¥¥ §§§ ŒŒŒ±±± •• • �� � éé é uuu &&& ÿÿÿ �� � ÇÇÇ �� � KKK •• • �� � üüü ‡‡‡ ­­ ­ ‡‡‡

�� � ÏÏ Ï ƒƒƒ ÒÒÒ ´´ ´ tyvek �� � ‡‡‡ �� � ÇÇÇ ÚÚÚ YYY ��� ááá ÂÂÂ •• • ÝÝÝ """ ÏÏÏ ddd XXX JJJ YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ìì ì ��� &&&

ÿÿÿ �� � ÇÇÇ uuu )) ) CCC zzz §§§ •• • ÌÌÌ ‡‡‡ ��� ÒÒÒ 555 ggg uuu ùùù üüü ööö CCC zzz """ 

 
 333 ÙÙÙ ¦¦ ¦ �� � ¢¢¢ �� � ¥¥¥ §§§ Super

KÚÚÚ Auger§§§ Kamland�� ��� � ¢¢¢ �� � ¥¥¥ ÑÑÑ ^^^ �� � 

 
 tyvekŠŠŠ •• • ˜˜ ˜ ««« ‡‡‡ �� � �� � ááá �� � §§§ 

 
 ………ÏÏ Ï LLL ùùù 

 


¢¢¢ �� � �� � •• • ÏÏ Ï �� � ­­ ­ ½½½ 555 ŒŒŒ±±± yyy ²² ² §§§ tyvek333 YYY ¥¥¥ ´´ ´ ˜˜ ˜ ««« '' ' ��� ­­ ­ ½½½�� � ááá �� � §§§ ‡‡‡ ��� ÇÇÇ ••• ÏÏ Ï '''

�� � ­­ ­ ½½½ "" " ÏÏ Ï ddd ·· · ‚‚ ‚ ÒÒÒ XXX ­­ ­ �� � •• • ÄÄÄ '' ' uuu YYY ááá ÂÂÂ •• • ÝÝÝ�� � CCC zzz ÚÚÚ ååå ��� &&& ÿÿÿ ììì ��� �� � ÇÇÇ �� � CCC

zzz "" " eee ¡¡ ¡ �� �[[ [ 

 
 nnn ««« ááá ÂÂÂ •• • ÝÝÝ eee �� � YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ììì �� � ��� ÇÇÇ "" "

XXX LLL 4.1¤¤¤ ««« kkk SSS YYY ³³ ³ �� � &&& ÿÿÿ �� � ÇÇÇ §§§ 		 	 YYY ³³ ³ �� � &&& ÿÿÿ �� � ÇÇÇ §§§ ÚÚÚ SSS 		 	 YYY ³³ ³ ((( ÜÜÜ �� � &&&

ÿÿÿ �� � ÇÇÇ "" " LLL 4.2¥¥¥ ¤¤¤ ««« �� � •• • YYY �� � ááá ÂÂÂ •• • ÝÝÝ CCC zzz žžž ��� ÇÇÇ ��� CCC zzz "" " ŒŒŒ±±± www ����� � YYY ��� ááá ÂÂÂ

•• • ÝÝÝ ddd 30’’ ’ CCC �� � 15’’ ’ žžž ÿÿÿ SSS YYY ³³ ³ �� � �� � ÇÇÇ CCC zzz •• • 1.5%§§§ 

 
 			 YYY ³³ ³ �� � ÇÇÇ �� � CCC zzz ''' �� � ŒŒŒ���

•• • 7%§§§ YYY ³³ ³ ooo �� � �� � ÇÇÇ CCC zzz •• • 0.6%"" " 

 
 �� � YYY �� � ááá ÂÂÂ •• • ÝÝÝ ddd 30’’ ’ CCC zzz �� � 10’’ ’ žžž §§§ SSS YYY ³³ ³

�� � �� � ÇÇÇ üüü $$$ 3.8%§§§ 

 
 		 	 YYY ³³ ³ �� � üüü $$$ '' ' �� � ²² ² www §§§ �� � •• • 15%§§§ ‡‡‡ÎÎ Î ÜÜÜ &&& ÿÿÿ ìì ì ooo NNN �� � �� � ÇÇÇ

üüü $$$ �� � •• • 1.2%"" " ÏÏ Ï ddd YYY ÂÂÂ •• • ÝÝÝ CCC zzz ééé 			 YYY ³³³ �� � �� � ÇÇÇ ��� KKK •• • ''' ��� ²²² www §§§ ÏÏÏ ddd 		 	 YYY ³³³ ���

�� � ÇÇÇ ii i ÿÿÿCCC �� � •• • •• • •• • �� � ­­ ­ ‡‡‡ "" "

YYY ááá ÂÂÂ ••• ÝÝÝ SSS YYY ³³³ ýýý ¢¢¢ ��� ÇÇÇ 			 YYY ³³³ ýýý ¢¢¢ ��� ÇÇÇ YYY ³³³ ooo ��� ÇÇÇ ooo ��� ��� ÇÇÇ (••• ))) RPC)

��� ::: (30m) (97.94� 0.17)% (98.07� 0.15)% (98.61� 0.13)% (99.30� 0.09)%

��� ::: (15m) (96.41� 0.22)% (91.13� 0.3)% (97.47� 0.16)% (98.66� 0.12)%

��� ::: (10m) (94.18� 0.27)% (83.11� 0.38)% (96.11� 0.20)% (98.13� 0.14)%

LLL 4.1: ØØØ ÓÓÓ ��� ááá ÂÂÂ ••• ÝÝÝ eee YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ììì ��� &&& ÿÿÿ ��� ÇÇÇ """



70 111 4 ÙÙÙ ŒŒŒæææ ��� YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ììì ��� ���[[[

YYY ááá ÂÂÂ ••• ÝÝÝ SSS YYY ³³³ ��� ÇÇÇ CCC zzz 			 YYY ³³³ ��� ÇÇÇ CCC zzz YYY ³³³ ooo ��� ÇÇÇ CCC zzz ooo ��� ��� ÇÇÇ CCC zzz

��� ::: (30m)-(15m) (1.53� 0.28)% (6.95� 0.34)% (1.14� 0.21)% (0.64� 0.15)%

��� ::: (30m)-(10m) (3.76� 0.32)% (14.96� 0.41)% (2.5� 0.24)% (1.17� 0.17)%

LLL 4.2: ØØØ ÓÓÓ ��� ááá ÂÂÂ ••• ÝÝÝ eee YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ììì &&& ÿÿÿ ��� ÇÇÇ ��� CCC zzz """

4.2.1 SSS YYY ³³ ³ �� � � ff f ¯¯ ¯ ~~~55 5 ii i ÿÿÿ 		 	 YYY ³³ ³

ii i ÿÿÿ 		 	 YYY ³³ ³ �� � &&& ÿÿÿ �� � ÇÇÇ §§§ ŒŒŒ^^^ SSS YYY ³³ ³ ]] ] ÀÀÀ ��� � ff f ¯̄¯ ~~~55 5 ii i ÿÿÿ "" " ÄÄÄ kkk (( ( �� � ]]] ÀÀÀ �� � •••

ýýý ¢¢¢ � ff f ¯¯ ¯ ~~~ 

 
 ØØØ ´´ ´ ‘‘ ‘ ÅÅÅ ÎÎÎ ÜÜÜ �� � bbb &&& ÒÒÒ §§§ ddd ddd ééé SSS YYY ³³³ �� � ˜˜ ˜ ppp �� � KKK ŠŠŠ §§§ òòò ��� äää •• • � fff

¯¯ ¯ ~~~ �� ��� � PMT �� � XXX »»» êêê 888 ��� ˜̃˜ •• • ––– �� � 15‡‡‡ §§§ ‘‘ ‘ ÅÅÅ ÎÎ Î ÜÜÜ ��� ªªª ÇÇÇ CCC •• • < 0.009Hz§§§ ééé uuu ���

:: :�� � YYY ³³ ³ 555 ùùù � ff f �� � ¯¯ ¯ ~~~ ÇÇÇ •• • 12.8Hz§§§ ÏÏ Ï ddd &&& DDD '' ' > 103§§§ ÏÏ Ï ddd ÀÀÀ �� � �� � �� � ‘‘ ‘ ÅÅÅ ÎÎ Î ÜÜÜ EEE

¤¤¤ �� � ØØØ �� � < 0.1%"" " ããã 4.13www ««« �� � •• • ½½½ ÂÂÂ �� � 1§§§ 2§§§ 3 nnn ««« aaa .. . �� � � ff f §§§ 1.. . � ff f ll l YYY ³³ ³ �� � ýýý

¡¡ ¡ \\ \ �� � §§§ 2.. . � ff f ll l YYY ³³ ³ �� �ºº º ÜÜÜ \\ \ �� � §§§ 3.. . �� � � ff f •• • ´´ ´ ll l YYY ³³ ³ �� �ºº º ÜÜÜ \\ \ �� � §§§ �� � ¥¥¥ mmm ¬¬¬ ÊÊÊ

ŽŽŽ 333 SSS YYY ³³ ³ §§§ ØØØ BBB LLL 		 	 YYY ³³ ³ §§§ 3.. . �� � � ff f 		 	 YYY ³³ ³ &&& ÿÿÿØØØ ��� "" "

ããã 4.14ùùù ÚÚÚ �� � ÒÒÒ KKK ÜÜÜ ©©© www ««« �� � •• • ÏÏ Ï LLL SSS YYY ³³ ³ ]] ] ÀÀÀ �� � ¯¯ ¯ ~~~ 333 		 	 YYY ³³ ³ ¥¥¥ �� � »»» ,, , •• • ÝÝÝ

�� � ©©© ÙÙÙ §§§ 

 
 ˜˜ ˜ xxx ††† •• • ããã ÜÜÜ ©©© •• • ���[[ [ ¥¥¥ � fff �� � 			 YYY ³³³ �� � »»» ,,, •• • ÝÝÝ�� � ©©© ÙÙÙ (XXX 111 ˜̃˜ !! ! ¥¥¥

ããã 4.2mmm ããã ¤¤¤ ««« )"" " ]] ] ÀÀÀ ÑÑÑ 555 �� � � ff f »»» ,,, ÚÚÚ ���[ [[ ¥¥¥ � fff �� � »»» ,,, •• • ÝÝÝ��� ©©© ÙÙÙ ŒŒŒNNN þþþ ˜˜ ˜�� � §§§

333 »»» ,, , •• • ÝÝÝ < 1’’ ’ �� � ¯¯ ¯ ~~~ '' ' ýýý ¢¢¢ �� � ‡‡‡ ��� "" " 333 �� �[ [[ �� � ¥¥¥ 		 	 YYY ³³³ »»» ,,, < 1’’ ’ �� � ¯¯ ¯ ~~~ •• • � ff f

•• • BBB LLL 		 	 YYY ³³ ³ 

 
 vvv kkk ÏÏ Ï LLL SSS YYY ³³ ³ §§§ ÏÏ Ï ddd �� � ^^^ SSS YYY ³³ ³ 555 ]] ] ÀÀÀ ¯¯ ¯ ~~~ �� � žžž §§§ ÒÒÒ ØØØ ¬¬¬ kkk »»»

,, , < 1’’ ’ �� � ¯¯ ¯ ~~~ "" " ããã ¥¥¥ www �� ��� � ˜˜ ˜ 

 
 »»» ,, , 333 0’’ ’ ��� ¯̄̄ ~~~ ••• 333 SSS YYY ³³ ³ ÊÊÊ ŽŽŽ KKK�� � �� � ÜÜÜ ©©© ¯̄̄

~~~ (1� 2%§§§ 3.. . ¯¯ ¯ ~~~ )"" "

ããã 4.13: ÏÏÏ LLL SSS YYY ³³³ ]]] ÀÀÀ ��� � fff ¯¯¯ ~~~aaa ... """

hTrackLength
Entries  8598
Mean    2.518
RMS     1.793
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hTrackLength
Entries  8598
Mean    2.518
RMS     1.793

ããã 4.14: SSS YYY ³³³ ]]] ÀÀÀ ��� � ¯¯¯ ~~~ 333 			 YYY
³³³ ��� »»» ,,, ••• ÝÝÝ ©©© ÙÙÙ (ùùù ÚÚÚ ÒÒÒ
KKK )¶¶¶ ˜˜˜ xxx ††† ••• ããã ••• ‰‰‰»»» ‚‚‚ �
fff 333 			 YYY ³³³ ��� »»» ,,, ••• ÝÝÝ��� ©©©
ÙÙÙ
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ll l LLL 4.3www �� � kkk SSS YYY ³³ ³ ]] ] ÀÀÀ ÑÑÑ 555 �� � ¯¯ ¯ ~~~55 5 iii ÿÿÿ 			 YYY ³³ ³ �� � �� � ÇÇÇ ††† 			 YYY ³³ ³ ýýý ¢¢¢ ��� ��� ÇÇÇ

ƒƒƒ �� � 1� 2%††† mmm ,ùùù ‡‡‡ ÌÌ Ì ‡‡‡ ´´ ´ ddduu u 3.. . � ff f �� � •• • 333 (ÊÊÊ ŽŽŽ �� � � ff f )§§§ ÓÓÓ �� � '' ' ÇÇÇ 333 1� 2%"" " ii i ÿÿÿ

�� ��� � �� � ÇÇÇ �� � �� � OOO ÌÌ Ì ‡‡‡ 555 ggg uuu ddd §§§ ÏÏ Ï ddd ·· · ‚‚ ‚ ÏÏ Ï LLL ii i ÿÿÿ �� � ÇÇÇ \\ \ þþþ 3.. . � ff f �� � ''' ÇÇÇ ÒÒÒ •• •		 	 YYY

³³ ³ �� � ýýý ¢¢¢ �� � &&& ÿÿÿ �� � ÇÇÇ "" "

]]] ÀÀÀ ¯¯¯ ~~~ êêê 3... � ''' ~~~ 			 YYY ³³³ ��� ÇÇÇ (iii ÿÿÿ ) 			 YYY ³³³ ýýý ¢¢¢ ��� ÇÇÇ ��� ÇÇÇ ��� (ýýý ¢¢¢ -iii ÿÿÿ )

30m 6655 1.43% (97.78� 0.18)% (98.07� 0.15)% (0.29� 0.24)%

15m 6868 1.37% (90.07� 0.36)% (91.13� 0.3)% (1.06� 0.47)%

10m 6836 1.26% (80.65� 0.48)% (83.11� 0.38)% (2.45� 0.62)%

LLL 4.3: ééé uuu SSS YYY ³³³ ]]] ÀÀÀ ��� ¯¯¯ ~~~ §§§ 333 ØØØ ÓÓÓ ��� ááá ÂÂÂ ••• ÝÝÝ eee YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ììì ��� uuu ÿÿÿ ��� ÇÇÇ ††† ýýý ¢¢¢ ��� ÇÇÇ
��� OOO """

4.2.2 		 	 YYY ³³ ³ �� � � ff f ¯¯ ¯ ~~~55 5 ii i ÿÿÿ SSS YYY ³³ ³

ii i ÿÿÿ SSS YYY ³³ ³ �� � &&& ÿÿÿ �� � ÇÇÇ §§§ ŒŒŒ^^^ 		 	 YYY ³³ ³ ]] ] ÀÀÀ �� � � ff f ¯¯ ¯ ~~~55 5 ii i ÿÿÿ "" " ééé 		 	 YYY ³³ ³ �� � ˜˜ ˜ ppp

�� � KKK ŠŠŠ §§§ òòò �� � äää •• • � ff f ¯¯ ¯ ~~~ �� ��� � PMT �� � XXX »»» êêê 888 �� � ˜˜ ˜ •• • ––– �� � 19‡‡‡ §§§ ‘‘ ‘ ÅÅÅ ÎÎÎ ÜÜÜ �� � ªª ª ÇÇÇ

CCC •• • < 0.04Hz§§§ &&& DDD '' ' > 103§§§ ÀÀÀ �� � �� � �� � ‘‘ ‘ ÅÅÅ ÎÎ Î ÜÜÜ EEE ¤¤¤ �� � ØØØ �� � < 0.1%"" " ããã 4.15www ««« �� � •• •

½½½ ÂÂÂ �� � 1§§§ 2§§§ 3nnn ¥¥¥ aaa .. . �� � � ff f §§§ 1.. . � ff f ´´ ´ ll l YYY ³³ ³ ���º ºº ÜÜÜ \\\ �� � §§§ 2... � ff f lll YYY ³³ ³ ��� ýýý ¡¡¡

\\ \ �� � ²² ² LLL 		 	 YYY ³³ ³ qqq ²² ² LLL SSS YYY ³³ ³ §§§ 3.. . � ff f •• • ´´ ´ ll l ýýý ¡¡ ¡ \\ \ �� � •• • ²² ² LLL 			 YYY ³³ ³ 


 ØØØ ²² ² LLL SSS YYY

³³ ³ §§§ 3.. . � ff f SSS YYY ³³ ³ &&& ÿÿÿØØØ �� � §§§ ÌÌ Ì ‡‡‡ ´´ ´ ddduu u &&& ÿÿÿ ììì AAA ÛÛÛ ÏÏÏ ƒƒƒ �� � KKK •• • """

ããã 4.15: 			 YYY ³³³ ]]] ÀÀÀ ��� � fff aaa ... """

ããã 4.16¤¤¤ ««« •• •		 	 YYY ³³ ³ ]] ] ÀÀÀ ÑÑÑ �� � � ff f ¯¯ ¯ ~~~ ††† �� �[[ [ �� � )) ) �� � � ff f ¯¯ ¯ ~~~ 333 SSS YYY ³³ ³ »»» ,, , �� � ©©©

ÙÙÙ �� �éé é '' ' §§§ ééé uuu Y¶¶¶ æææ ^^^ 

 
 ééé êêê ‹‹ ‹ II I §§§ 333 »»» ,, , •• • 0???•• • 333 ééé õõõ ¯¯ ¯ ~~~ §§§ ùùù 

 
 ¯¯ ¯ ~~~ ééé AAA

uuu 3.. . �� � ¯¯ ¯ ~~~ §§§ ØØØ ÏÏ Ï LLL SSS YYY ³³ ³ §§§ 333 SSS YYY ³³ ³ �� � »»» ,, , •• • ÝÝÝ •• • 0"" " mmm ããã 4.17¤¤¤ ««« •• • òòò »»» ,, , •• •

ÝÝÝ •• • 0�� � ¯¯ ¯ ~~~ êêê �� � KKK �� � §§§ ]] ] ÀÀÀ �� � ¯¯ ¯ ~~~ ††† �� �[[ [ ¯̄̄ ~~~ ��� »»» ,, , ••• ÝÝÝ ©©© ÙÙÙ ˜˜ ˜ ———"" "

XXX LLL 4.4¤¤¤ ««« §§§ 		 	 YYY ³³ ³ ]] ] ÀÀÀ ÑÑÑ 555 �� � ¯¯ ¯ ~~~55 5 ii i ÿÿÿ SSS YYY ³³ ³ ��� �� � ÇÇÇ ††† 		 	 YYY ³³ ³ ýýý ¢¢¢ �� � ���

ÇÇÇ ƒƒƒ �� � 20%††† mmm , ùùù ‡‡‡ ÌÌ Ì ‡‡‡ �� � ÏÏ Ï ´´ ´ ddduu u 3.. . � ff f �� � •• • 333 §§§ ÓÓÓ ��� '' ' ÇÇÇ 333 21%(�� �nn n ‡‡‡ �� � ÇÇÇ
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hTrackLength
Entries  8032
Mean    4.319
RMS     3.377

TrackLength(m)
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ããã 4.16: 			 YYY ³³³ ]]] ÀÀÀ ��� ¯¯¯ ~~~ 333 SSS YYY ³³³ »»» ,,,
��� ©©© ÙÙÙ (ùùù ÚÚÚ ÒÒÒ KKK )¶¶¶ ˜˜˜ xxx ††† ••• ããã
••• ���[[[ ¯¯¯ ~~~ 333 SSS YYY ³³³ ��� »»» ,,, ��� ©©©
ÙÙÙ """

hTrackLength
Entries  6367
Mean    5.448
RMS      2.87
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Entries  6367
Mean    5.448
RMS      2.87

ããã 4.17: BBB 			 YYY ³³³ ]]] ÀÀÀ ��� ¯¯¯ ~~~ 333 SSS YYY ³³³
»»» ,,, (��� KKK 


 »»» ,,, ••• 0��� ¯¯¯ ~~~ )��� ©©©
ÙÙÙ (ùùù ÚÚÚ ÒÒÒ KKK )¶¶¶ ˜˜˜ xxx ††† ••• ããã ••• ���
[[[ ¯¯¯ ~~~ 333 SSS YYY ³³³ ��� »»» ,,, ��� ©©© ÙÙÙ """

�� � �� � ²² ² þþþ )††† mmm §§§ ´´ ´ ddduu u 		 	 YYY ³³ ³ �� � AAA ÛÛÛ ÏÏ Ï ƒƒƒ EEE ¤¤¤ �� � "" " ééé uuu �� � :: :�� � ll l �� � 555 YYY ³³ ³ ooo NNN

ÈÈÈ •• • VO = 2388:3m3§§§ 

 
 SSS YYY ³³ ³ �� � NNN ÈÈÈ •• • Vi = 1850m3§§§ ÏÏ Ï dddBBB LLL SSS YYY ³³ ³ �� � ¯¯ ¯ ~~~ êêê

ÚÚÚ 		 	 YYY ³³ ³ ¯¯ ¯ ~~~ �� � '' ' ~~~ •• • R = Vi
VO

= 77:5%§§§ BBB LLL 		 	 YYY ³³ ³ vvv kkk ²² ² LLL SSS YYY ³³ ³ ¤¤¤ ÓÓÓ �� � '' ' ~~~

•• • 22.5%,††† �� � ÇÇÇ �� � 21%ƒƒƒ ˜˜ ˜ ———"" " ii i ÿÿÿ �� ��� � ��� ÇÇÇ �� � ��� OOO ÌÌ Ì ‡‡‡ 555 


 uuu ddd §§§ ÏÏ Ï LLL iii ÿÿÿ �� � ÇÇÇ \\\

þþþ 22.5%(AAA ÛÛÛ �� � AAA �� � ÏÏ Ï ƒƒƒ )ÒÒÒ ŒŒŒ±±± (( ( ½½½ SSS YYY ³³ ³ �� � ýýý ¢¢¢ �� � &&& ÿÿÿ ��� ÇÇÇ """

]]] ÀÀÀ ¯¯¯ ~~~ êêê 3... � ''' ~~~ SSS YYY ³³³ ��� ÇÇÇ (iii ÿÿÿ ) SSS YYY ³³³ ýýý ¢¢¢ ��� ÇÇÇ ��� ÇÇÇ ��� (ýýý ¢¢¢ -iii ÿÿÿ )

30m 8302 20.71% (77.43� 0.46)% (97.94� 0.17)% (20.51� 0.49)%

15m 7462 22.53% 75.06� 0.50)% (96.41� 0.22)% (22.53� 0.55)

10m 6536 21.59% (73.74� 0.54)% (94.18� 0.27)% (20.44� 0.60)

LLL 4.4: ééé uuu 			 YYY ³³³ ]]] ÀÀÀ ¯¯¯ ~~~ §§§ ØØØ ÓÓÓ ��� ááá ÂÂÂ ••• ÝÝÝ eee YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ììì uuu ÿÿÿ ÚÚÚ &&& ÿÿÿ ��� ÇÇÇ ��� ��� OOO """

4.2.3 BBB LLL ¥¥¥ %%%&&& ÿÿÿ ìì ì �� � � ff f ¯¯ ¯ ~~~ �� � ©©© ÛÛÛ

]] ] ÀÀÀ BBB LLL ¥¥¥ ‡‡‡ ff f &&& ÿÿÿ ìì ì �� � ¯¯ ¯ ~~~55 5 ii i ÿÿÿ SSS 		 	 YYY ³³ ³ �� � �� � ÇÇÇ §§§ ããã 4.20 www �� ��� � ùùù ÚÚÚ �� � ÒÒÒ

KKK ÜÜÜ ©©© •• • BBB LLL ¥¥¥ %%%&&& ÿÿÿ ììì ��� � ff f ¯̄̄ ~~~ 333 SSS YYY ³³ ³ ��� »»» ,, , ©©© ÙÙÙ §§§ ùùù 

 
 � ff f ¯̄̄ ~~~ 333 SSS YYY ³³ ³ ���

»»» ,, , •• • ÝÝÝ ŒŒŒÜÜÜ ©©© > 4.0’’ ’ §§§ � ff f ÒÒÒ ŒŒŒ±±± �� � )) ) vvv 

 
 �� �õõ õ 111 ff f 555 ‡‡‡ LLL &&& ÿÿÿ �� � KKK §§§ ùùù 

 
 ¯¯ ¯ ~~~

ÑÑÑ UUU 

 
 �� � &&& ÿÿÿ �� � §§§ ééé uuu SSS YYY ³³ ³ 555 `` ` &&& ÿÿÿ �� � ÇÇÇ •• • 100%"" " BBB LLL ¥¥¥ %%%&&& ÿÿÿ ìì ì �� � � ff f 333 		 	 YYY

³³ ³ »»» ,, , �� � ©©© ÙÙÙ œœœ¹¹ ¹ XXX ããã ( 4.21)¤¤¤ ««« §§§ ùùù ÚÚÚ ÒÒÒ KKK ÜÜÜ ©©© •• • ]] ] ÀÀÀ ��� ¯¯ ¯ ~~~ §§§ »»» ,,, '' ' �� �[[ [ ��� ¯̄̄

~~~ ááá §§§ ÏÏ Ï ddd &&& ÿÿÿ �� � ÇÇÇ ¬¬¬     $$$ "" " ((( JJJ XXX LLL 4.5¤¤¤ ««« §§§ ééé 		 	 YYY ³³³ �� � uuu ÿÿÿ �� � ÇÇÇ ‘‘‘ XXX YYY ááá ÂÂÂ •••

ÝÝÝ�� � CCC zzz ššš ~~~ ²² ² www §§§ YYY ááá ÂÂÂ •• • ÝÝÝ ll l 30’’ ’ CCC zzz �� � 10’’ ’ �� � žžž ÿÿÿ §§§ ��� ÇÇÇ üüü $$$ 

 
 27.3%"" " ÏÏ Ï ddd

ŒŒŒ±±± ]] ] ÀÀÀ ùùù 

 
 BBB LLL ¥¥¥ %%%&&& ÿÿÿ ìì ì �� � ¯¯ ¯ ~~~ §§§ ÏÏ Ï LLL uuu ÿÿÿ 			 YYY ³³ ³ �� � ÇÇÇ �� � CCC zzz 555 ii i ÿÿÿ YYY �� � ááá ÂÂÂ
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•• • ÝÝÝ�� � CCC zzz "" "

ããã 4.18: BBB LLL AD��� � fff ¯¯¯ ~~~
ããã 4.19: BBB LLL AD��� � fff ¯¯¯ ~~~ BBB LLL SSS 			 YYY ³³³

hTrackLength
Entries  6855
Mean    5.472
RMS     2.842
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Mean    5.472
RMS     2.842

ããã 4.20: BBB LLL AD��� � fff ¯¯¯ ~~~ 333 SSS YYY ³³³ ��� »»»
,,, ••• ÝÝÝ (ÒÒÒ KKK ÜÜÜ ©©© )††† ���[[[ ¥¥¥ ��� ¯¯¯
~~~ 333 SSS YYY ³³³ »»» ,,, ••• ÝÝÝ ©©© ÙÙÙ ���ééé
''' """

hTrackLength
Entries  8598
Mean    2.518
RMS     1.792
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Entries  8598
Mean    2.518
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ããã 4.21: BBB LLL AD��� � fff ¯¯¯ ~~~ BBB LLL 			 YYY ³³³ ���
»»» ,,, ••• ÝÝÝ (ÒÒÒ KKK ÜÜÜ ©©© )††† ���[[[ ¥¥¥ ���
¯¯¯ ~~~ 333 SSS YYY ³³³ »»» ,,, ••• ÝÝÝ ©©© ÙÙÙ ���ééé
''' """

]]] ÀÀÀ ¯¯¯ ~~~ êêê SSS YYY ³³³ ��� ÇÇÇ (iii ÿÿÿ ) 			 YYY ³³³ ��� ÇÇÇ (iii ÿÿÿ )

30m 2078 100% (97.35� 0.35)%

15m 2227 100% (83.88� 0.78)%

10m 2292 100% (70.07� 0.96)%

LLL 4.5: BBB LLL ¥¥¥ %%% &&& ÿÿÿ ììì ��� ¯¯¯ ~~~ §§§ 333 ØØØ ÓÓÓ YYY ��� ááá ÂÂÂ ••• ÝÝÝ eee YYY §§§ iii ÿÿÿ SSS 			 YYY ³³³ ��� &&& ÿÿÿ ��� ÇÇÇ """
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4.2.4 ^^^ YYY ³³ ³ �� � ¯¯ ¯ ~~~55 5 ii i ÿÿÿ RPC XXX ÚÚÚ �� � �� � ÇÇÇ

þþþ ¡¡ ¡ XXX ­­ ­ ??? ØØØ

 
 ˜˜ ˜ eee '' ' uuu SSS 		 	 YYY ³³ ³ �� � �� � ÇÇÇ �� � ƒƒƒ ppp uuu �� � §§§ 333 YYY ³³ ³ þþþ •• • �� � RPCXXX ÚÚÚ

•• • II I ‡‡‡ ,, , 		 	 ˜˜ ˜ ‡‡‡ XXX ÚÚÚ 555 ééé ÙÙÙ ??? 111�� � ÇÇÇ �� � uuu ��� """ ŒŒŒæææ�� � �� � RPC&&& ÿÿÿ ììì æææ ^^^ �� � •• • ooo ÀÀÀ nnn

�� � >>> uuu•• • ªª ª ééé RPC�� � ÇÇÇ ??? 111 ½½½ ÂÂÂ """ ··· ‚‚ ‚ ŒŒŒ±±± ÏÏ Ï LLL ééé BBB LLL YYY ³³ ³ ��� ¯̄̄ ~~~ ��� ˜˜ ˜ ÀÀÀ JJJ ^̂̂ ‡‡‡ 555

]] ] ÀÀÀ •• • ÏÏ Ï LLL RPC�� � ¯¯ ¯ ~~~55 5 ééé RPC�� � ‡‡‡ XXX ÚÚÚ ??? 111� �� ÇÇÇ �� � iii ÿÿÿ ÚÚÚ ÿÿÿ þþþ "" " ]]] ÀÀÀ ¯¯ ¯ ~~~ ‡‡‡ ¦¦ ¦ ŒŒŒ

UUU �� � ZZZ ÀÀÀ §§§ ùùù �� � âââ UUU ¦¦ ¦ •• • ªª ª ii i ÿÿÿ �� ��� � &&& ÿÿÿ �� � ÇÇÇ •• • \\ \ ��� OOO ((( """

4.2.4.1 ¯¯¯ ~~~ ��� ©©© aaa

ÄÄÄ kkk §§§ ééé ¯¯ ¯ ~~~ ??? 111 ©©© aaa §§§ ©©© ¤¤¤ AAA ««« ØØØ ÓÓÓ �� � œœœ¹¹ ¹ §§§ XXX ããã 4.22ÚÚÚ 4.23¤¤¤ ««« §§§ ©©© •• • 9«««

aaa .. . �� � � ff f §§§ 1.. . � ff f ll l YYY ³³ ³ �� �ºº º ÜÜÜ \\ \ �� � (ÏÏ Ï LLL RPCXXX ÚÚÚ )§§§ BBB LLL SSS YYY ³³ ³ ¿¿¿ ………BBB LLL ˜˜ ˜ ���

		 	 YYY ³³ ³ ¶¶¶ 2.. . ll l YYY ³³ ³ �� � ýýý ¡¡ ¡ \\ \ �� � §§§ BBB LLL ˜˜ ˜ �� � 		 	 YYY ³³ ³ §§§ ??? \\ \ SSS YYY ³³ ³ �� � vvv kkk UUU 

 
 BBB ÑÑÑ

SSS YYY ³³ ³ 

 
 ÊÊÊ 333 333 SSS YYY ³³ ³ ¥¥¥ ¶¶¶ 3.. . � ff f ll l YYY ³³ ³ �� � ýýý ¡¡ ¡ \\ \ �� � \\ \ �� � §§§ BBB LLL ˜˜ ˜ �� � 		 	 YYY ³³ ³ §§§ qqq

BBB LLL SSS YYY ³³ ³ §§§ •• • �� � BBB 111 �� � �� � 		 	 YYY ³³ ³ žžž ÊÊÊ ŽŽŽ 333 111 �� � ��� 		 	 YYY ³³ ³ SSS ¶¶¶ ddduu u RPCXXX ÚÚÚ ††† YYY

³³ ³ �� � LLL ¡¡ ¡ ƒƒƒ mmm kkk 50ff f ’’ ’ ††† mmm �� � ¿¿¿ YYY §§§ ¤¤¤ ±±± kkk ééé ��� ˜˜ ˜ ÜÜÜ ©©© �� � � fff lll YYY ³³³ ††† RPC�� � ¿¿¿ YYY

¥¥¥ \\ \ �� � ¿¿¿ vvv kkk BBB LLL RPCXXX ÚÚÚ §§§ 333 SSS YYY ³³ ³ ÚÚÚ 			 YYY ³³³ ÑÑÑ kkk »»» ,,, §§§ ••• 4.. . � ff f ¶¶¶ 5.. . � ff f §§§

ll l YYY ³³ ³ �� � ýýý ¡¡ ¡ \\ \ �� � §§§ BBB LLL 

 
 SSS YYY ³³ ³ ¿¿¿ ………BBB LLL üüü �� � �� � 		 	 YYY ³³ ³ ¶¶¶ 6.. . � ff f §§§ ll l YYY ³³ ³ �� �ºº º

ÜÜÜ \\ \ �� � (BBB LLL RPCXXX ÚÚÚ )§§§ BBB LLL 

 
 SSS YYY ³³ ³ ÚÚÚ üüü �� � �� � 		 	 YYY ³³ ³ ¶¶¶ 7.. . � fff §§§ lll ººº ÜÜÜ \\ \ ��� (BBB

LLL RPCXXX ÚÚÚ )§§§ BBB LLL 

 
 		 	 YYY ³³ ³ §§§ 

 
 333 SSS YYY ³³ ³ vvv kkk »»» ,, , ¶¶¶ 8.. . � ff f §§§ BBB LLL 

 
 		 	 YYY ³³ ³ �� � >>>

�� � §§§ ØØØ BBB LLL SSS YYY ³³ ³ ¶¶¶ 9.. . � ff f §§§ ll l ºº º ÜÜÜ \\ \ �� � §§§ ÊÊÊ ŽŽŽ 333 SSS YYY ³³ ³ §§§ 333 		 	 YYY ³³³ vvv kkk »»» ,,, """

4.2.4.2 ¯¯¯ ~~~ ��� ]]] ÀÀÀ

¤¤¤ ‡‡‡ ]] ] ÀÀÀ �� � ¯¯ ¯ ~~~ ˜˜ ˜ ½½½ ´´ ´ BBB LLL RPC�� � ¯̄¯ ~~~ §§§ 333ùù ù ppp ÒÒÒ ]]] ÀÀÀ ÙÙÙ ¥¥¥ ��� ˜˜ ˜ ‡‡‡ aaa ... �� � §§§ 1.. .

�� � � ff f §§§ ^^^ ùùù ««« aaa .. . �� � � ff fŠŠ Š •• • ii i ÿÿÿ RPC�� � ÇÇÇ �� � ¯¯ ¯ ~~~ �� � �� � "" " ]] ] ÀÀÀ 1.. . � ff f §§§ II I ¦¦ ¦ ^^^ ˜̃˜ ½½½

�� � �� � ÀÀÀ ^^^ ‡‡‡ 555 ]] ] ÀÀÀ "" " 1.. . � ff f �� � AAA �� � ÒÒÒ ´´ ´ BBB LLL SSS YYY ³³ ³ ÓÓÓ žžž qqq •• • BBB LLL ˜˜ ˜ �� � 		 	 YYY ³³ ³ §§§ ddd ddd

555 ½½½ ÂÂÂ �� � ÀÀÀ �� � ^^^ ‡‡‡ ÒÒÒ ´´ ´ ‡‡‡ ¦¦ ¦ � ff f 333 SSS YYY ³³ ³ kkk »»» ,,, 

 
 ………••• BBB LLL ˜̃̃ �� � 		 	 YYY ³³ ³ "" " XXX JJJ � fff

BBB LLL 

 
 üüü �� ��� � YYY ³³ ³ §§§ 		 	 YYY ³³ ³ �� � YYY �� � �� � þþþ ÝÝÝ •• • 1’’ ’ §§§ � ff f ––– �� � 333 		 	 YYY ³³ ³ ��� »»» ,, , ••• 2’’ ’ §§§

ddd ddd ‰‰‰ÑÑÑ �� � �� � ÀÀÀ ^^^ ‡‡‡ •• • 333 SSS YYY ³³ ³ �� � »»» ,, , •• • ÝÝÝ > 0§§§ 

 
 333 		 	 YYY ³³ ³ �� � »»» ,,, •• • ÝÝÝ < 2’’ ’ ���

‡‡‡ > 0’’ ’ "" "

XXX ¦¦ ¦ ^^^ þþþ ¡¡ ¡ �� � ÀÀÀ ^^^ ‡‡‡ §§§ ŒŒŒòòò ããã 4.23¥¥¥ �� � 5§§§ 6§§§ 7§§§ 8§§§ 9ÊÊÊ ¥¥¥ aaa .. . �� � � ff f üüü ØØØ KKK """

•• • •• • eee 1§§§ 2§§§ 3§§§ 4ooo ««« aaa .. . �� � � ff f ••• 333 §§§ 

 
 333ùùù 4««« aaa .. . ¥¥¥ §§§ ••• kkk aaa .. . 1�� � � fff ÓÓÓ

•• • ÌÌ Ì ‡‡‡ �� � ÜÜÜ ©©© §§§ ÙÙÙ {{ { nnn ««« ÓÓÓ �� � '' ' ~~~ '' ' �� � �� � "" " ããã 4.24¤¤¤ ««« •• • 1§§§ 2§§§ 3§§§ 4ùùù ooo ««« aaa .. .

�� � � ff f ††† ÂÂÂ ¥¥¥ RPC�� � êêê �� � '' ' XXX §§§ 2§§§ 3§§§ 4««« aaa .. . �� � � ff f ÂÂÂ ¥¥¥ êêê •• • 0,=== •• • vvv kkk BBB LLL RPCXXX

ÚÚÚ ,

 
 1.. . � ff f ÂÂÂ ¥¥¥ 4�� � �� � •• • õõõ §§§ ÏÏ Ï •• • RPC�� � OOO �� � ÒÒÒ ´´ ´ ooo �� � �� � (( ( �� � ,ll l þþþ •• •eee \\\ �� �žž ž §§§ •••

õõõ�� � ÒÒÒ AAA TTT ´´ ´ ÂÂÂ ¥¥¥ 4�� � "" " ••• ÌÌ Ì ‡‡‡ ��� •• • aaa ... 1�� � � ff f §§§ ÙÙÙ {{{ nnn ««« aaa .. . �� � ÓÓÓ �� � '' ' ~~~ ••• 1%†††



4.2. ééé uuu ‡‡‡ÎÎÎ ÜÜÜ &&& ÿÿÿ ììì ��� ��� ÇÇÇ ��� uuu ��� 75

ããã 4.22: 1§§§ 2§§§ 3««« aaa ... ��� � fff 333 &&& ÿÿÿ ììì ��� »»» ,,,
««« ¿¿¿ ããã """

ããã 4.23: 4§§§ 5§§§ 6§§§ 7§§§ 8««« aaa ... ��� � fff 333 &&& ÿÿÿ ììì
��� »»» ,,, ««« ¿¿¿ ããã """

mmm "" " ddd ddd ŒŒŒ±±± ÏÏ Ï LLL þþþ ¡¡ ¡ �� � �� � ÀÀÀ ^^^ ‡‡‡ §§§ ]] ] ÀÀÀ BBB LLL RPCXXX ÚÚÚ �� � �� � ¬¬¬ �� � XXX ÝÝÝ �� � ••• 99%"" " 333

¢¢¢ SSS �� � ¢¢¢ �� � �� � ¥¥¥ ·· · ‚‚ ‚ ØØØ •• • �� � � ff f 333 YYY ¥¥¥ �� � »»» ,, , •• • õõõ •• • §§§ ¢¢¢ �� � ¥¥¥ UUU 

 
** * ÿÿÿ �� ��� � •• • kkk 111

>>> ff f êêê ÚÚÚ PMT XXX »»» �� � ‡‡‡ êêê §§§ ·· · ‚‚ ‚ II I ‡‡‡ ÏÏ Ï LLL ùùù üüü ‡‡‡ þþþ ††† »»» ,,, •• • ÝÝÝ��� '' ' XXX 555 ‰‰‰ÑÑÑ ¢¢¢ �� � ¥¥¥

¤¤¤ UUU ‰‰‰ÑÑÑ �� � �� � ½½½ ^^^ ‡‡‡ "" "

ããã 4.24: 1§§§ 2§§§ 3§§§ 4ooo ««« aaa ... ��� � fff ††† ÂÂÂ ¥¥¥ RPC��� êêê ��� ''' XXX """

ããã 4.25¤¤¤ ««« §§§ ††† ããã •• • � ff f 333 		 	 YYY ³³ ³ �� � »»» ,, , •• • ÝÝÝ ††† PMT ÂÂÂ ��� 111 >>> fff êêê �� � ''' XXX §§§ mmm

ããã •• • � ff f 333 		 	 YYY ³³ ³ �� � »»» ,, , ••• ÝÝÝ ††† PMT XXX »»» ‡‡‡ êêê ��� '' ' XXX """ 333 ††† ããã ¥¥¥ ��� »»» ,,, ••• ÝÝÝ ••• 2’’ ’

�� � žžž §§§ 111 >>> ff f êêê ÑÑÑ '' ' �� � ‘‘ ‘ ÑÑÑ ©©© ÙÙÙ ‰‰‰ŒŒŒ'' ' �� � ŒŒŒ§§§ ØØØ �� � NNN ´´ ´ ‰‰‰˜̃˜ ‡‡‡ �� � ½½½��� 111 >>> ff f êêê ŠŠŠ

•• • KKK 555 �� � ½½½ ¶¶¶ 

 
 333 mmm ããã ¥¥¥ ·· · ‚‚ ‚ www �� ��� � 333 2’’ ’ ??? ·· · ‚‚ ‚ ‰‰‰ÑÑÑ ˜˜ ˜ ‡‡‡ KKK (ããã ¥¥¥ kkk üüü ^^^ ùùù ÚÚÚ �� �

††† ‚‚ ‚ƒƒ ƒ �� � )§§§ XXX »»» PMT ‡‡‡ êêê 50PMT††† mmm §§§ ŒŒŒ±±± www ��� ŒŒŒÜÜÜ ©©© ��� »»» ,,, < 2’’ ’ žžž §§§ PMT XXX »»»

êêê < 50"" " •• • �� � ‰‰‰ÑÑÑ �� � ÀÀÀ �� � ^^^ ‡‡‡ XXX eee µµµ SSS YYY ³³ ³ PMT XXX »»» ‡‡‡ êêê > 11ÓÓÓ žžž 		 	 YYY ³³³ PMT XXX »»»

‡‡‡ êêê > 13¿¿¿ ………		 	 YYY ³³ ³ PMT XXX »»» �� � ‡‡‡ êêê < 50"" "

ããã 4.26‰‰‰ÑÑÑ UUU PMT XXX »»» ‡‡‡ êêê �� � ½½½ ^̂^ ‡‡‡ ]] ] ÀÀÀ ÑÑÑ 555 ��� muff f ��� ��� ��� §§§ ÙÙÙ ¥¥¥ > 0�� � ÒÒÒ ´́́

BBB LLL RPC�� � ¯¯ ¯ ~~~ §§§ ŒŒŒ±±± www �� � ]] ] ÀÀÀ �� � �� � �� � �� � XXX ÝÝÝ •• • 98.9%§§§ ÙÙÙ {{ { ØØØ BBB YYY ³³ ³ �� � (2,3,4aaa .. .
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ããã 4.25: � fff 333 			 YYY ³³³ ��� »»» ,,, ••• ÝÝÝ ††† PMT ÂÂÂ ��� 111 >>> fff êêê ��� ''' XXX (††† ããã )ÚÚÚ � fff 333 			 YYY ³³³ ��� »»» ,,, ••• ÝÝÝ
††† PMT XXX »»» ‡‡‡ êêê ��� ''' XXX """

�� � � ff f )1.1%§§§ ŠŠŠ ccc ¡¡ ¡ �� � �� � OOO ˜˜ ˜�� � "" " XXX ããã 4.27•• • ]] ] ÀÀÀ �� � ��� �� � � ff f \\\ �� � :: : 333 ˜˜ ˜ mmm ��� ©©© ÙÙÙ œœœ

¹¹ ¹ ,††† ããã www ««« �� � ÒÒÒ ´´ ´ 333 XY ²² ² ¡¡ ¡ SSS �� � ©©© ÙÙÙ žžž ¹¹ ¹ §§§ ÄÄÄ ��� þþþ þþþ !!! "" " mmm ããã www �� �� �� ÒÒÒ ´´ ´ XZ²²²

¡¡ ¡ SSS §§§ ŒŒŒ±±± ˜˜ ˜ ÙÙÙ �� � www ��� aaa .. . 1†††††† ÙÙÙ {{ { nnn ««« � ff f �� � ««« OOO §§§ aaa ... 1 �� � � ´´ ´ ll l ºº º ÜÜÜ \\ \ �� � BBB

LLL RPC�� � §§§ aaa .. . 2�� � � ff f (�� � ùùù �� ��� � 444 �� � ¯¯ ¯ ~~~ )´´ ´ 333 YYY ³³ ³ ††† RPC�� � ¿¿¿ YYY ¥¥¥ mmm \\\ �� � §§§ 

 
 aaa

.. . 3§§§ 4�� � � ff f (ŒŒŒ777 �� ��� � 444 �� � ¯¯ ¯ ~~~ )´´ ´ ll l YYY ³³ ³ �� � ýýý ¡¡ ¡ \\ \ ��� "" "

nHitRPC
Entries  3125
Mean    4.229
RMS     1.286

nHit_RPC
0 2 4 6 8 10 12 14 16 18 20

1

10

210

310

nHitRPC
Entries  3125
Mean    4.229
RMS     1.286

ããã 4.26: ÏÏÏ LLL PMT XXX »»» ‡‡‡ êêê ��� KKK (SSS YYY ³³³ PMT XXX »»» ‡‡‡ êêê > 11ÓÓÓ žžž 			 YYY ³³³ PMT XXX »»» ‡‡‡ êêê > 13¿¿¿ ………			
YYY ³³³ PMT XXX »»» ��� ‡‡‡ êêê < 50)555 ÀÀÀ ��� ��� ¯¯¯ ~~~ œœœ ¹¹¹

4.2.4.3 iii ÿÿÿ ��� ÇÇÇ

ééé uuu RPCXXX ÚÚÚ �� � &&& ÿÿÿ �� � ÇÇÇ §§§ ŒŒŒæææ��� ÑÑÑ ´´ ´ æææ^^^ 4ÀÀÀ 3�� � ��� ªª ª 555 ��� ½½½ ˜̃̃ ‡‡‡ � fff ´´ ´ ÄÄÄ �� � &&&

ÿÿÿ �� � §§§ zzz ˜˜ ˜ ‡‡‡ �� � ¬¬¬ ÑÑÑ ´´ ´ æææ ^^^ �� � 4�� � �� � (( ( �� � §§§ ééé uuu RPCXXX ÚÚÚ �� � &&& ÿÿÿ �� � ÇÇÇ ††† üüü �� � RPC�� �



4.2. ééé uuu ‡‡‡ÎÎÎ ÜÜÜ &&& ÿÿÿ ììì ��� ��� ÇÇÇ ��� uuu ��� 77

ããã 4.27: ††† ããã µµµ 1§§§ 2§§§ 3§§§ 4aaa ... ��� � fff 333 XY ²²² ¡¡¡ \\\ ��� ::: ��� ©©© ÙÙÙ ¶¶¶ mmm ããã µµµ 1§§§ 2§§§ 3§§§ 4aaa ... ��� � fff
333 XZ²²² ¡¡¡ ��� ©©© ÙÙÙ

ÇÇÇ ƒƒƒ mmm •• • 333 ˜˜ ˜ ‡‡‡ '' ' XXX §§§ XXX ããã 4.28¤¤¤ ««« "" " ååå ¥¥¥ ççç ÚÚÚ •• • ¬¬¬ ¤¤¤ ««« ,•• • RPCXXX ÚÚÚ �� � ýýý ¢¢¢ &&& ÿÿÿ �� �

ÇÇÇ "" " 

 
 ·· · ‚‚ ‚ ii i ÿÿÿ �� � ÇÇÇ ••• ããã ¥¥¥ �� � ùùù ÚÚÚ ��� ••• µµµ ¤¤¤ ««« üüü ööö ªªª ³³ ³ ˜˜ ˜ ———§§§ ããã 4.29¤¤¤ ««« •• • ii i ÿÿÿ ���

ÇÇÇ ††† ýýý ¢¢¢ �� � ÇÇÇ �� � �� � ŠŠŠ §§§ üüü ��� RPC��� ��� ÇÇÇ CCC zzzÄÄ Ä ��� þþþ ØØØ KKK •• • üüü ööö ��� ��� OOO §§§ ii i ÿÿÿ �� � ÇÇÇ '''

ýýý ¢¢¢ �� � ÇÇÇ $$$ 

 
 1%§§§ ùùù ´´ ´ ddduu u ÀÀÀ �� � �� � �� � �� � �� � XXX ÝÝÝ •• • 99%§§§ ¤¤¤ ±±± 1%555 ggg uuu �� � �� �ØØ Ø XXX EEE ¤¤¤

�� � �� � OOO "" "
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ããã 4.28: iii ÿÿÿ ��� ÇÇÇ ††† ýýý ¢¢¢ RPC��� ÇÇÇ ƒƒƒ mmm ���ééé '''

RPC efficiency(one layer)(%)
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ããã 4.29: 4§§§ 5§§§ 6§§§ 7§§§ 8««« aaa ... ��� � fff 333 &&& ÿÿÿ ììì
��� »»» ,,, ««« ¿¿¿ ããã



78 111 4 ÙÙÙ ŒŒŒæææ ��� YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ììì ��� ���[[[

4.2.5 �� � (( (

ÏÏ Ï LLL ééé uuu ØØØ ÓÓÓ XXX ÚÚÚ ƒƒƒ mmm �� � ¯̄̄ ~~~ ��� ]] ] ÀÀÀ §§§ ŒŒŒ±±± ÏÏ Ï LLL ]] ] ÀÀÀ ¯¯ ¯ ~~~ �� � •••{{ { §§§ ¦¦¦ ŒŒŒUUU �� � ]]]

ÀÀÀ XXX ÀÀÀ �� � ¯¯ ¯ ~~~ §§§ ÏÏ Ï LLL SSS YYY ³³ ³ ]] ] ÀÀÀ ¯¯ ¯ ~~~ ŒŒŒ±±± (( ( ½½½ ÑÑÑ 			 YYY ³³ ³ �� � ��� ÇÇÇ §§§ ''' ¢¢¢ SSS 			 YYY ³³ ³ �� � ���

ÇÇÇ $$$ 

 
 ŒŒŒVVV 1%††† mmm "" " 

 
 XXX JJJ ^^^ 		 	 YYY ³³³ ��� ¯¯ ¯ ~~~55 5 iii ÿÿÿ SSS YYY ³³³ ��� žžž ÿÿÿ §§§ ddduuu AAA ÛÛÛ ÏÏ Ï ƒƒƒ ���

KKK •• • §§§ www �� � '' ' ¢¢¢ SSS �� � ÇÇÇ $$$ 

 
 20%¶¶¶ 

 
 XXX JJJ ^^^ YYY ³³ ³ ]]] ÀÀÀ �� � ¯̄̄ ~~~555 iii ÿÿÿ RPC�� � ��� ÇÇÇ žžž §§§

]] ] ÀÀÀ ¯¯ ¯ ~~~ �� � XXX ÝÝÝ •• • 99%§§§ ÏÏ Ï ddd ii i ÿÿÿ �� � �� � ÇÇÇ '' ' ¢¢¢ SSS �� � �� � ÇÇÇ $$$ 


 1%††† mmm """



111 5 ÙÙÙ YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ììì ��� ... ��� ïïï ÄÄÄ

5.1 ¢¢¢ ��� 888 ���

ddduu u ŒŒŒæææ�� � ‡‡‡ ¦¦ ¦ ‡‡‡ÎÎ Î ÜÜÜ XXX ÚÚÚ ppp �� � &&& ÿÿÿ ��� ÇÇÇ §§§ ééé YYY ��� ááá ÂÂÂ ••• ÝÝÝ ‡‡‡ ¦¦ ¦ (> 30m)§§§ tyvek‡‡‡

�� � ÇÇÇ ‡‡‡ ¦¦ ¦ (> 80%)"" " •• • 

 
 �� � ±±± YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ìì ì kkk ppp �� � &&& ÿÿÿ �� � ÇÇÇ §§§ ¢¢¢ ��� ¥¥¥ ^^^ ‡‡‡ XXX YYY 555

ŠŠŠ •• • &&& ÿÿÿ 000 ŸŸŸ §§§ 

 
 ………II I ‡‡‡ 444 YYY •• • ÏÏ Ï �� � �� � ±±± ééé ppp �� � XXX ÀÀÀ ÝÝÝ "" " ‡‡‡ XXX YYY kkk éééÐÐÐ ��� ßßß ²² ² ÝÝÝ §§§

'' ' �� � ·· · ÜÜÜ ^^^ 333 ŒŒŒ.. . �� � YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ìì ì þþþ §§§ �� � ´´ ´ ‡‡‡ ŽŽŽ •• • ÏÏ Ï ��� ‘‘‘ ±±± eee ��� §§§ 777 LLL kkk ÌÌÌ

‚‚ ‚ ÚÚÚ ÀÀÀ zzz �� � CCC ˜˜ ˜ §§§ ”” ” Super-Kamiokande�� � ¢¢¢ �� � kkk ÀÀÀ zzz ÚÚÚ ÌÌ Ì ‚‚‚ CCC ˜˜ ˜ §§§ �� � ±±± YYY ��� ppp XXX ÀÀÀ

ÝÝÝ (PPP ~~~ •• • ÝÝÝ > 100m)"" " �� �éé é uuu �� � ŒŒŒ.. . �� � ¢¢¢ �� � §§§ ÌÌ Ì ‚‚ ‚ ÚÚÚ ÀÀÀ zzz CCC ˜˜ ˜ �� � ¤¤¤ ^^^ sss ¤¤¤ ••• �� � ppp """

·· · ‚‚ ‚ ïï ï ááá ˜˜ ˜ ‡‡‡ �� � �� � �� � .. . ¢¢¢ �� � §§§ ééé YYY �� � ÌÌ Ì ‚‚ ‚ ÚÚÚ ÀÀÀ zzz ??? 111ïï ï ÄÄÄ §§§ ¦¦ ¦ ÌÌ Ì ‚‚‚ ÀÀÀ zzz XXX ÚÚÚ �� � �� � OOO

•• • ÜÜÜ nnn §§§ ¿¿¿ UUU ˆˆ ˆ �� � ¢¢¢ �� �‡‡ ‡ ¦¦ ¦ §§§ ±±± BBB •• • ÐÐÐ �� � ^^^uu u ŒŒŒæææ ��� �� � ¢¢¢ ��� "" " ddduuu ‡‡‡ XXX YYY NNN ´´ ´ �� � ÀÀÀ

// / 

 
 KKK •• • YYY �� � ŸŸŸ þþþ §§§ ÓÓÓ žžž ïï ï ÄÄÄ 

 
 ááá �� � ††† YYY ooo NNN 555 ¯̄¯ KKK §§§ ±±± BBB ]] ] ÀÀÀ ÜÜÜ ·· · �� � ááá ��� ^^^uu u ŒŒŒ

æææ�� � �� � &&& ÿÿÿ ìì ì "" "

YYY ‡‡‡ �� � .. . ´´ ´ ÄÄÄ uuu ŒŒŒæææ �� � YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ìì ì 

 
 ïï ï EEE §§§ YYY ‡‡‡ SSS ÜÜÜ kkk tyvek‡‡‡ �� � �� � §§§

YYY �� � þþþ ÝÝÝ •• • 1’’ ’ ††† ŒŒŒæææ �� � �� � YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ìì ì �� � 		 	 YYY ³³ ³ þþþ ÝÝÝ ˜˜ ˜�� � §§§ YYY ‡‡‡ SSS ÜÜÜ kkk üüü

‡‡‡ PMT §§§ CCCXXX ÇÇÇ •• • ÚÚÚ ŒŒŒæææ �� � �� � 		 	 YYY ³³³ CCCXXX ÇÇÇ ˜˜ ˜� �� (��� 0.6%)"" " 333 ŒŒŒæææ ��� �� � &&& ÿÿÿ ììì �� � OOO

¥¥¥ §§§ ééé YYY �� � ááá ÂÂÂ •• • ÝÝÝ ÚÚÚ tyvek �� � ‡‡‡ �� � ÇÇÇ JJJ ÑÑÑ ‡‡‡ ¦¦¦ §§§ ¢¢¢ �� � ��� ,, , ˜̃̃ ‡‡‡ ÌÌÌ ‡‡‡ ïïï ÄÄÄ SSS NNN ÒÒÒ ´´ ´ '''

uuu ééé YYY ‡‡‡ ¥¥¥ tyvek �� � ‡‡‡ �� � ÇÇÇ ÚÚÚ YYY �� � ááá ÂÂÂ •• • ÝÝÝ ïï ï ÄÄÄ §§§ ïïï ÄÄÄ &&& ÿÿÿ ììì �� � 555 UUU §§§ ll l 


 ŒŒŒ••• ŒŒŒæææ

�� � ¤¤¤ JJJ �� � �� � OOO ‡‡‡ ¦¦ ¦ �� � ŒŒŒ11155 5 "" " ,, , 		 	 §§§ ïï ï ÄÄÄ &&& ÿÿÿ ìì ì ééé uuu � ff f �� � •• • AAA §§§ ÏÏ Ï LLL �� �[[ [ ††† ¢¢¢ �� �

¥¥¥ ÿÿÿ þþþ PMT �� � ÂÂÂ �� ��� � 111 >>> ff f êêê �� �éé é '' ' §§§ ±±±�� � yyy ŒŒŒæææ ��� �� � YYY êêê ÕÕÕ ………ÅÅÅ ���[ [[ ^^^ ‡‡‡ ��� �� � (((

555 §§§ ±±± 222 ggg �� � yyy ccc ¡¡ ¡ ééé uuu &&& ÿÿÿ ìì ì �� � OOO `̀` zzz �� � ŒŒŒ‚‚ ‚ 555 """

5.2 YYY ‡‡‡ ��� ... ��� ((( ���

ããã 5.1•• • YYY ‡‡‡ �� � OOO �� � ««« ¿¿¿ ããã §§§ •• • ˜˜ ˜ ‡‡‡ ••• •• • NNN ��� YYY ‡‡‡ §§§ ººº €€€ •• • 2.8m� 1.2m� 1.3m(ããã

¥¥¥ 		 	ŒŒŒ�� � VVV ‚‚ ‚ •• • µµµ ¤¤¤ ««« )§§§ SSS CCC ‡‡‡ XXX YYY "" " Tyvek �� � �� � ��� ½½½ 333 ˜˜ ˜ ‡‡‡ ••• •• • NNN �� � ||| eee þþþ ¤¤¤

•• • ˜˜ ˜ ‡‡‡ •• • •• • NNN §§§ ºº º €€€ •• • 2.6’’ ’ � 1.0’’ ’ � 1.0’’ ’ "" " òòò ‰‰‰ÐÐÐ �� � ‘‘ ‘ kkk tyvek �� � �� � || | eee ˜˜ ˜ \\ \ YYY ‡‡‡

¥¥¥ §§§ tyvek �� � òòò YYY ‡‡‡ SSS 		 	 ………mmm §§§ ããã ¥¥¥ 777 ÚÚÚ �� � µµµ ¤¤¤ ««« •• • tyvekŒŒŒ¤¤¤ �� � ˜˜ ˜ ‡‡‡ •• • •• • NNN "" " •• • ÚÚÚ

79
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ŒŒŒæææ �� � ýýý ¢¢¢ œœœ¹¹ ¹ ƒƒƒ '' ' [[ [ §§§ 333 YYY ‡‡‡ ¥¥¥ ˜˜ ˜ \\ \ 

 
 2‡‡‡ 8=== €€€ �� � MACRO �� � PMT §§§ .. . ÜÜÜ ˜˜ ˜ ‡‡‡ §§§

ýýý ¡¡ ¡ ˜˜ ˜ ‡‡‡ §§§ 333 YYY ‡‡‡ ¥¥¥ CCCXXX ÇÇÇ •• • 0.62%§§§ ††† ŒŒŒæææ �� � �� � CCCXXX ÇÇÇ ŒŒŒVVV ˜˜ ˜�� � §§§ ããã 5.2ŒŒŒ±±± ˜˜ ˜ ÙÙÙ

�� � www �� � || | eee �� � {{ { ˜˜ ˜      ˜˜ ˜ ††† YYY ‡‡‡ �� � 		 	ŒŒŒ�� � '' ' XXX §§§ ååå ll l ††† >>> �� � YYY ‡‡‡ 999 7ff f ’’ ’ §§§ mmm >>> ���

YYY ‡‡‡ 999 13ff f ’’ ’ §§§ tyvek|| | ¤¤¤ �� � SSS YYY ‡‡‡ °° ° •• • 1’’ ’ §§§ ppp •• • 1’’ ’ §§§ üüü ‡‡‡ PMT �� � 111 ÒÒÒ 444 ÑÑÑ �� � •• •

SSS YYY ‡‡‡ "" " XXX òòò YYY ‡‡‡ �� � ¥¥¥ %%% ½½½ ÂÂÂ •• • (0,0,0):: : §§§ ½½½ ÂÂÂ 333 °° ° ÝÝÝ •• • •• • þþþ •• • Y•• • •• • §§§ 333 •• • �� � •• •

•• • þþþ •• • X•• • •• • §§§ 333 ŠŠŠ þþþ �� � •• • •• • ½½½ ÂÂÂ •• • Z•• • •• • §§§ .. . ÜÜÜ �� � PMT 333 YYY ‡‡‡ �� �      ˜˜ ˜ •• • (-30cm,0,-

50cm)§§§ 

 
 ýýý ¡¡ ¡ �� � PMT ¤¤¤ ??? �� �      ˜˜ ˜ •• • (-110cm,-50cm,-10cm)"" "

ããã 5.3‰‰‰ÑÑÑ � ff f \\ \ �� �      ˜˜ ˜ ††† PMT      ˜˜ ˜ ��� ««« ¿¿¿ ããã §§§ ... ¡¡¡ �� � PMT ÚÚÚ ýýý ¡¡ ¡ ��� PMT ÑÑÑ      uuu

        X¶¶¶ �� � KKK •• • •• • þþþ §§§ �� � ÏÏ Ï ´́́ 333 ¢¢¢ ��� ¥¥¥ III ‡‡‡ ÿÿÿ þþþ tyvek �� � �� � ‡‡‡ �� � ÇÇÇ §§§ XXX JJJ PMT ÿÿÿ þþþ

�� � �� � �� � ÜÜÜ •• • ‡‡‡ �� � �� � 111 ff f §§§ ••• UUU NNN yyy ÑÑÑ 555 tyvek‡‡‡ �� � �� � ŠŠŠ ^̂̂ §§§ 

 
 ………•• • ÐÐÐ ´´ ´ õõõ ggg ‡‡‡ ���

�� � 111 ff f §§§ === PMT �� �      ˜˜ ˜ ååå ll l � ff f �� � \\ \ �� �      ˜˜ ˜ AAA �� � ˜˜ ˜ 

 
 §§§ ÏÏ Ï ddd ýýý ¡¡ ¡ ��� PMT 333 X¶¶¶    

˜˜ ˜ -110ff f ’’ ’ §§§ �� � ÓÓÓ žžž qqq II I ‡‡‡ .. . ¡¡ ¡ �� � PMT 333ùù ù ‡‡‡ .. . ¡¡ ¡ ¦¦ ¦ þþþ ‚‚ ‚ CCC ¥¥¥ %%% �� �      ˜˜ ˜ §§§ ddd ddd .. .

ÜÜÜ �� � PMT 333 Y¶¶¶ �� � ¥¥¥ %%% §§§ �� � ´´ ´ 333 X¶¶¶ þþþ      ll l ¥¥¥ %%%30ff f ’’ ’ §§§ SSS YYY ‡‡‡ ppp ÝÝÝ h••• 1’’ ’ §§§ � ff f uuu

ÑÑÑ êêê ÕÕÕ ………ÅÅÅ 111 ff f•• • �� � ŒŒŒ±±± ‹‹ ‹ �� ��� �      ˜˜ ˜ •• • ll l ff f \\ \ SSS YYY ‡‡‡ ÒÒÒ uuu ÑÑÑ �� � @@@ÜÜÜ ©©© 111 ff f §§§ •• •

�� � DDD ÂÂÂ �� � ååå ll l AAA •• • d§§§ d = h � tan(� )§§§ � •• • êêê ÕÕÕ ………ÅÅÅËËË �� � �� � (YYY �� � òòò �� � ÇÇÇ �� � •• • 1.33§§§ �

=41.2ÝÝÝ )§§§ ŒŒŒ�� � d=87.5ff f ’’ ’ "" " PMT ååå ll l ððð ccc NNN ¬¬¬ �� � RRR ††† ååå ll l ŒŒŒuuu d§§§ ÒÒÒ ŒŒŒ±±± ��� yyy ÄÄÄ

�� � þþþ ÂÂÂ 888 �� ��� � 111 ff f ÑÑÑ ´´ ´ ‡‡‡ ��� 111 "" " ... ÜÜÜ �� � PMT     ˜̃̃ ååå ll l SSS YYY ‡‡‡ >>> ÷÷÷ ��� ååå ll l L=160ff f

’’ ’ §§§ ÏÏ Ï ddd •• • ‡‡‡ ððð ccc NNN 333 X¶¶¶�� � •• • ••• þþþ ŒŒŒuuu 57.5ff f ’’ ’ �� � ‰‰‰ŒŒŒSSS £££ ÄÄÄ §§§ ÒÒÒ ŒŒŒ±±± �� � yyy ÄÄÄ ���

þþþ PMT �� � ÂÂÂ �� ��� �ÑÑ Ñ ´´ ´ ‡‡‡ �� � 111 "" "

ããã 5.1: ��� YYY ‡‡‡ ��� ááá NNN ««« ¿¿¿ ããã """
ããã 5.2: YYY ‡‡‡ ��� ýýý ÀÀÀ ããã """

•• • ÄÄÄ �� � ‡‡‡ ^^^ YYY ‡‡‡ 555 CCC ‡‡‡ XXX YYY §§§ II I ‡‡‡ •• • ÄÄÄ ááá �� � ééé YYY ÀÀÀ // / �� � ¯¯ ¯ KKK §§§ XXX LLL 5.4 [96]¤¤¤

««« §§§ •• • ˆˆ ˆ ««« ááá �� � ééé YYY �� � ÀÀÀ // / §§§ ÝÝÝ "" " ààà ooo ÍÍ Í ¯¯ ¯ LLL •• • ••• ÐÐÐ �� � ááá ��� §§§ ééé YYY �� � ÀÀÀ /// ••• �� � §§§ ���

´´ ´ �� � �� � �� � ddd ‚‚ ‚ '' ' �� � [[[ BBB §§§ PVCddd ‚‚‚ '' ' �� � BBB ¨̈̈ §§§ �� � ´´ ´ ppp ¡¡¡ ,,, ŸŸŸ �� � õõõ §§§ ééé YYY �� � ÀÀÀ // / ''' ���



5.2. YYY ‡‡‡ ��� ... ��� ((( ��� 81

ŒŒŒ§§§ ·· · ‚‚ ‚ •• • �� � ÀÀÀ JJJ '' ' �� � ZZZ ÀÀÀ 

 
 ………ddd ‚‚ ‚ ··· ¥¥¥ �� � ààà ZZZ LLL ŠŠŠ •• • YYY ‡‡‡ �� � ááá �� � """

ããã 5.3: ÀÀÀ ��� PMT     ˜˜˜ ��� ††† � fff \\\ ���     ˜˜˜ƒƒƒ mmm ��� ''' XXX

ããã 5.4: ØØØ ÓÓÓ ááá ��� ��� ÀÀÀ /// ŠŠŠ §§§ ¤¤¤ kkk
ááá ��� ��� ÀÀÀ /// ŠŠŠ ÑÑÑ ´´´ ééé ØØØ CCC
ggg ‰‰‰


 888 ˜˜˜ zzz §§§ ØØØ CCC ggg ��� ŠŠŠ
••• 1.0"""

ááá ��� ÀÀÀ /// ŠŠŠ

ØØØ CCC ggg 1.0

ààà ooo ÍÍÍ ¯̄¯ LLL 0.07

œœœ=== +++ 0.076

ààà ZZZ LLL +++ (PP) 0.138

ààà ¯̄¯ LLL ^̂^ +++ (PE) 0.287

MMM ààà ÅÅÅ ¯̄¯ LLL +++ (PVC) 4.25

••• ààà ÅÅÅ ¯̄¯ LLL +++ (PVC) 4.46

ÍÍÍ “““ ��� +++ 10.66

ùùù “““ ��� +++ 16.44

ããã 5.5¤¤¤ ««« ÒÒÒ ´´ ´ �� � YYY ‡‡‡ �� � .. . ¢¢¢ �� � �� � ««« ¿¿¿ ããã §§§ SSS ÜÜÜ kkk tyvekòòò ÙÙÙ ………mmm �� � SSS 		 	 YYY ‡‡‡ §§§ 		 	

ÜÜÜ kkk ˜˜ ˜ ‡‡‡ ÌÌ Ì ‚‚ ‚ ÀÀÀ zzz XXX ÚÚÚ 555 ‘‘ ‘ ±±± YYY ŸŸŸ §§§ ééé ÌÌ Ì ‚‚ ‚ XXX ÚÚÚ ��� ïïï ÄÄÄ ´´ ´¢¢¢ �� � �� � ˜̃̃ ‡‡‡ ­­ ­ ‡‡‡ ��� 888 �� � """

kkk ´´ ´ ††† eee �� � ÑÑÑ •• • ÏÏ Ï LLL "" " òòò YYY ÄÄÄÑÑÑ §§§ ,, , �� � ddd ††† þþþ ¡¡ ¡ ��� \\\ •• • ??? ??? \\ \ YYY ‡‡‡ ??? 111Ì ÌÌ ‚‚‚ §§§ ¥¥¥ mmm

²² ² LLL ˜˜ ˜ ‡‡‡ ÌÌ Ì ‚‚ ‚ ÀÀÀ zzz XXX ÚÚÚ §§§ // / ¤¤¤ ˜˜ ˜ ‡‡‡ ÀÀÀ zzz ��� ÌÌ Ì ‚‚‚ "" "

ããã 5.5: ��� ��� ... ��� YYY ‡‡‡ ÚÚÚ ÌÌÌ ‚‚‚ XXX ÚÚÚ

ããã 5.6¤¤¤ ««« •• • YYY ‡‡‡ &&& ÿÿÿ ìì ì ¢¢¢ ÔÔÔ ããã §§§ •• • ˜̃̃ ••• �� � YYY ‡‡‡ (( ( ��� §§§ �� � >>> ��� •• • YYY ÌÌÌ ‚‚ ‚ ÀÀÀ zzz

XXX ÚÚÚ §§§ ¢¢¢ �� � ¥¥¥ ÏÏ Ï LLL PMT 555 ÿÿÿ þþþ 111 &&& ÒÒÒ §§§ YYY ‡‡‡ �� � SSS ÜÜÜØØØ UUU ??? \\ \ 111 fff §§§ ddduu u ¤¤¤ ¦¦ ¦ ^̂̂

ááá �� � ààà ZZZ LLL ´´ ´ ˜˜ ˜ ‡‡‡ ŒŒŒßßß ²² ² �� � xxx ÚÚÚ ááá �� � §§§ II I ‡‡‡ òòò YYY ‡‡‡ 		 	 ÜÜÜ ———µµµ �� � ØØØ ¦¦ ¦ 111 "" " 333 		 	ŒŒŒ

^^^ ççç ÚÚÚ ØØØ ßßß ²² ² �� � ‘‘ ‘ òòò YYY ‡‡‡ 		 	ŒŒŒ�� � ÜÜÜ •• • ååå 555 §§§ ããã ¥¥¥ ¤¤¤ ««« YYY ‡‡‡ �� � ooo ±±± •• • ççç ÚÚÚ "" " 		 	ŒŒŒ

kkk nnn ‡‡‡ øøø ggg ›› › ¤¤¤ �� � ŒŒŒ999 ^^^ 555 \\ \ rr r YYY ‡‡‡ �� � ÅÅÅ �� � rr r ÝÝÝ §§§ YYY ‡‡‡ 333 CCC ÷÷÷ YYY �� � œœœ¹¹ ¹ eee §§§ CCC

// / ééé �� � (� 1cm)"" " XXX ããã 5.7 ¤¤¤ ««« •• • üüü ‡‡‡ PMT 333 YYY ‡‡‡ ¥¥¥ �� � œœœ ¹¹ ¹ §§§ .. . ÜÜÜ ˜˜ ˜ ‡‡‡ PMT §§§ ýýý ¡¡ ¡
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ããã 5.6: ��� ��� ... ��� YYY ‡‡‡ ÚÚÚ ÌÌÌ ‚‚‚ XXX ÚÚÚ

ããã 5.7: YYY ‡‡‡ ¥¥¥ üüü ‡‡‡ PMT

˜˜ ˜ ‡‡‡ PMT "" " ddduu u PMT ———ÜÜÜ �� �>> > ff f ÆÆÆØØØ UUU 333 YYY ppp §§§ ¤¤¤ ±±± YYY ‡‡‡ mmm 

 
 2‡‡‡ ˜˜ ˜ ¿¿¿ ÏÏ Ï LLL {{ { ===

òòò PMT �� � ½½½ 444 §§§ PMT �� � ———ÜÜÜ ÚÚÚ >>> ff f ÆÆÆÜÜÜ ©©© 333 YYY ‡‡‡ �� � 		 	 ÜÜÜ "" "

ããã 5.8¤¤¤ ««« •• • II I ‡‡‡ òòò tyvek �� � ½½½ 333 þþþ ¡¡ ¡ �� � || | eee §§§ ÏÏ Ï •• • || | eee II I ‡‡‡ ˜˜ ˜ ˜˜ ˜ 333 YYY ‡‡‡ ¥¥¥ •• • ÏÏ Ï †††

‡‡‡ XXX YYY �� � >>> "" " 333 ááá �� � �� � ÀÀÀ JJJ þþþ ‡‡‡ ÀÀÀ JJJ ééé YYY ÀÀÀ // / �� � 


 ………ÅÅÅ �� � rrr ÝÝÝ ÐÐÐ ��� ááá �� � §§§ ¢¢¢ �� � ¥¥¥ æææ

^^^ 304�� � ØØØ CCC ggg §§§ ^^^ �� � ¡¡ ¡ •• • 2ff f ’’ ’ � 2ff f ’’ ’ �� � •• • +++ §§§ ‡‡‡ ¦¦ ¦ ¦¦ ¦ ^^^ tyvekòòò 888 ‡‡‡ ¡¡ ¡ ÑÑÑ ŒŒŒ¤¤¤ ˜˜ ˜ ‡‡‡

ºº º €€€ •• • 2.6’’ ’ � 1.0’’ ’ � 1.0’’ ’ �� � •• • •• • NNN §§§ eee �� � OOO �� � ØØØ �� � 333 1ff f ’’ ’ ††† mmm §§§ ééé ¢¢¢ �� � (( ( JJJ vvv kkkKK K

•• • "" " ããã 5.9¤¤¤ ««« •• • tyvek �� � ½½½ 333 || | eee þþþ �� � œœœ¹¹¹ §§§ ããã ¥¥¥ www ««« ®®® ��� ½½½ 5‡‡‡ ¡¡ ¡ §§§ ••• �� � òòò þþþ ¡¡¡ ���

ºº º XXX �� � ½½½ §§§ òòò ŒŒŒ¤¤¤ �� � ˜˜ ˜ ‡‡‡ •• • •• • NNN ˜˜ ˜ \\ \ YYY ‡‡‡ ¥¥¥ """

ããã 5.8: ��� ½½½ tyvek��� ��� ||| eee """

ããã 5.9: tyvek��� ��� ½½½ 333 ||| eee þþþ ��� œœœ
/// """
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ããã 5.10: YYY ‡‡‡ ��� µµµ ��� ««« ¿¿¿ ããã

�� � YYY ‡‡‡ ¥¥¥ CCC ÷÷÷ YYY �� � YYY ‡‡‡ �� � þþþ XXX ‡‡‡ �� � ½½½ 333 YYY ‡‡‡ þþþ §§§ ddduuu ‡‡‡ XXX YYY ØØØ UUU ††† ˜̃˜ íí í ��� >>> §§§

XXX JJJ ††† ˜˜ ˜ íí í �� � >>> YYY �� �>> >�� � ÇÇÇ ¬¬¬ ××× „„ „ �� � eee üüü §§§ YYY ŸŸŸ ••• ¬¬¬ CCC €€€ §§§ ¤¤¤ ±±±‡‡‡ ¦¦ ¦ YYY ‡‡‡ 777 LLL ´´ ´ ———

µµµ �� � §§§ ØØØ UUU kkk ˜˜ ˜ íí í ??? \\ \ �� � YYY ‡‡‡ SSS ÜÜÜ "" " ¢¢¢ �� � ¥¥¥ ØØØ 

 
 ———µµµ 		 	 §§§ ••• YYY ‡‡‡ ¥¥¥ ÏÏ Ï \\ \ ��� ííí §§§ �� � ííí

¿¿¿ØØØ KKK •• • ‡‡‡ XXX YYY �� � ŸŸŸ þþþ §§§ ¿¿¿ �� � OOO 

 
 ˜̃˜ ‡‡‡ �� � µµµ �� � CCC ˜̃̃ §§§ ããã 5.6¥¥¥ www �� � þþþ XXX �� � ¥¥¥ mmm kkk ˜̃̃

‡‡‡ uuu === þþþ ¡¡ ¡ kkk íí í +++ ëëë �� � §§§ ããã 5.10•• • �� � µµµ �� � ««« ¿¿¿ ããã ,ll l ˜˜ ˜ ‡‡‡ ��� íí í´ ´́ ØØØ ÊÊÊ �� � ••• YYY ‡‡‡ ppp ÏÏ Ï ���

íí í §§§ ÓÓÓ žžž YYY ‡‡‡ ,, , ˜˜ ˜ >>> òòò kkk ˜˜ ˜ ‡‡‡ íí í +++ ÏÏ Ï •• • ˜˜ ˜ ‡‡‡ YYY øøø ¥¥¥ §§§ �� � ±±± YYY øøø ¥¥¥ ��� YYY ¡¡ ¡ ''' ÏÏÏ \\ \ íí í +++

•• • �� � •• • $$$:: : ppp ÑÑÑ h�� � •• • 1.5� 2.0ff f ’’ ’ "" " ˜˜ ˜ „„ „ YYY ‡‡‡ ¥¥¥ YYY kkk 1.2’’ ’ ppp §§§ kkk ŒŒŒVVV 10ff f ’’ ’ ††† mmm �� �

˜˜ ˜ íí í §§§ ŒŒŒ±±± ÏÏ Ï LLL ÏÏ Ï �� � íí í òòò YYY ‡‡‡ þþþ ÜÜÜ �� � ˜˜ ˜ íí í `` ` ÑÑÑ §§§ ¿¿¿ ©©© ªª ª �� � ±±± XXX ééé 			 ÜÜÜ ˜˜ ˜ ííí ��� �� � ØØØ §§§

'' ' 		 	 ÜÜÜ ŒŒŒíí í ØØØ ppp 1.5�� � 2.0ff f ’’ ’ YYY ÎÎ Î �� � )) ) �� � ØØØ rr r "" " ùùù ŒŒŒ±±± �� � yyy YYY ‡‡‡ �� � ‡‡‡ XXX YYY ©©© ªª ª ††† 		 	 mmm

�� � ˜˜ ˜ íí í ………ýýý §§§ kkk || | uuu ‘‘ ‘ ±±± YYY ‡‡‡ YYY ŸŸŸ �� � ••• ÏÏÏ ­­ ­ ½½½ 555 "" "

ããã 5.11¤¤¤ ««« •• • ÌÌ Ì ‚‚ ‚ XXX ÚÚÚ �� � ¢¢¢ ÔÔÔ ããã §§§ ããã 5.12¤¤¤ ««« •• • ÌÌ Ì ‚‚ ‚ XXX ÚÚÚ �� � ««« ¿¿¿ ããã §§§ YYY ÌÌ Ì ‚‚ ‚ XXX

ÚÚÚ ddd "" " §§§ ˜˜ ˜ ‡‡‡ 1‡‡‡ ’’ ’ �� � LLL ÈÈÈ ììì §§§ ˜˜ ˜ ‡‡‡ bbb 			 ààà ÿÿÿ §§§ ˜̃̃ ‡‡‡ ·· · KKK §§§ ÚÚÚ ˜˜ ˜ ‡‡‡ 0.22‡‡‡ ’’ ’ �� � LLL ÈÈÈ

ìì ì §§§ 2‡‡‡ 666 þþþ OOO ÚÚÚ ˜˜ ˜ ‡‡‡ >>> {{ { ÇÇÇ ÿÿÿ þþþ ¤¤¤ ìì ì || | ¤¤¤ "" " ããã 5.11¤¤¤ ««« §§§ "" " ´´ ´ ÌÌ Ì ‚‚ ‚ XXX ÚÚÚ ¥¥¥ÌÌ Ì ‡‡‡ �� �ÄÄ Ä

ååå �� � �� � §§§ §§§ ŒŒŒ±±± ÏÏ Ï LLL CCC ªª ª 555 ·· · AAA ØØØ ÓÓÓ �� � 666 „„ „ §§§ XXX JJJ II I ‡‡‡ ŒŒŒ��� 666 „„ „ §§§ òòò ªªª ÇÇÇ NNN ppp §§§

XXX JJJ II I ‡‡‡ �� � �� � 666 „„ „ §§§ ŒŒŒ±±± üüü ªª ª "" " 1‡‡‡ ’’’ ��� LLL ÈÈÈ ìì ì •• • ããã ¥¥¥ 777 ÚÚÚ �� � ÎÎ Î GGG ÔÔÔ NNN §§§ SSS ˜̃̃ 1‡‡‡ ’’’

�� � LLL ÈÈÈ �� � §§§ §§§ ŒŒŒ±±± òòò XXX ÀÀÀ YYY ¥¥¥ '' ' �� � ŒŒŒ�� � ˆˆ ˆ âââ LLL ÈÈÈ KKK §§§ ??? 111 ˜˜ ˜ HHH ooo ÈÈÈ ¶¶¶ bbb 		 	 ààà ÿÿÿ ìì ì

•• • ããã ¥¥¥ �� � ˜˜ ˜ ‡‡‡ •• • CCC 1’’ ’ �� � ††† »»» 15ff f ’’ ’ �� � ØØØ CCC ggg ÙÙÙ §§§ SSS ˜˜ ˜ ˜˜ ˜ ‡‡‡ µµµ 444 �� � bbb 		 	 �� � +++ §§§ �� � ‡‡‡

XXX YYY 666 LLL bbb 		 	 ààà ÿÿÿ ìì ì žžž §§§ bbb 		 	 111 ŒŒŒòòò YYY ¥¥¥ �� � [[ [ ÿÿÿ ààà kkk §§§ ““ “ ŽŽŽ [[[ ÿÿÿ �� � ))) ••• §§§ ÓÓÓ žžž ŒŒŒ

±±± òòò YYY ¥¥¥ �� � kkk ÅÅÅ ÔÔÔ ©©© )) ) §§§ ±±± BBB uuu �� � YYY ÀÀÀ zzz XXX ÚÚÚ •• • ÐÐÐ �� � ááá ÂÂÂ §§§ üüü $$$ YYY ¥¥¥ ��� kkk ÅÅÅ ÔÔÔ ���

¹¹ ¹ þþþ §§§ bbb 		 	 ààà ÿÿÿ mmm „„ „ ´´ ´ '' ' ÏÏ Ï LLL mmm '' ' 555 ›› › ›› › ¶¶¶ ·· · KKK •• • ÀÀÀ zzz XXX ÚÚÚ ppp ¡¡ ¡ •• • ­­­ ‡‡‡ �� � ÜÜÜ ©©© §§§

•• • ããã ¥¥¥ ˜˜ ˜ ‡‡‡ ŒŒŒ�� � �� � ÎÎ Î GGG ��� ‡‡‡ ��� �� � ÙÙÙ §§§ ŒŒŒCCC ŒŒŒVVV 15,, , ††† mmm ppp ŸŸŸ þþþ �� � ��� 111 ·· · KKK äää •• • 555

ÀÀÀ zzz YYY §§§ §§§ ²² ² ~~~ ŠŠŠ •• • ŒŒŒ.. . �� � YYY ÀÀÀ zzz XXX ÚÚÚ •• • �� � ¡¡ ¡ �� � ÜÜÜ ©©© §§§ ŒŒŒ±±± ����� � ppp ŸŸŸ þþþ �� � YYY "" " •••



 
 !! ! �� � �� � ‡‡‡ XXX ÚÚÚ �� � sss ¤¤¤ §§§ ¢¢¢ �� � •• • ^^^ ·· · KKK ŠŠŠ •• • ÀÀÀ zzz XXX ÚÚÚ §§§ 333 ��� ··· KKK ÀÀÀ zzz LLL �� � YYY >>> {{{

ÇÇÇ ŒŒŒˆˆ ˆ 16.7îî î îî î00 0 §§§ ÷÷÷ vvv ¢¢¢ �� � �� � ‡‡‡ ¦¦ ¦ "" " 0.22‡‡‡ ’’ ’ �� � LLL ÈÈÈ ìì ì •• • ããã ¥¥¥ ƒƒƒ ééé '' ' �� � �� � �� � ˜˜ ˜ ‡‡‡

ØØØ CCC ggg NNN ìì ì §§§ SSS ˜˜ ˜ 0.22‡‡‡ ’’ ’ ��� LLL ÈÈÈ �� � §§§ ŒŒŒ±±± LLL ÈÈÈ ƒƒƒ ééé ''' ��� �� � �� � ˆˆ ˆ âââ §§§ ,,, 		 	 „„ „ ŒŒŒ±±± {{{
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ããã 5.11: YYY ÌÌÌ ‚‚‚ ÚÚÚ ÀÀÀ zzz XXX ÚÚÚ

ŽŽŽ ·· · KKK äää •• • �� � äää •• • ˆˆ ˆ âââ ??? \\ \ YYY ‡‡‡ "" " 666 þþþ OOO ^^^ 555 ii i ÿÿÿ YYY �� � 666 „„ „ ��� ŒŒŒ�� � §§§ ããã ¥¥¥ ·· · ‚‚ ‚ ŒŒŒ

±±± www �� � kkk 2‡‡‡ 666 þþþ OOO §§§ ˜˜ ˜ ‡‡‡ ŒŒŒþþþ §§§ �� � ^^^ 555 ÿÿÿ þþþ �� � ‡‡‡ ÌÌ Ì ‚‚ ‚ XXX ÚÚÚ �� � 666 „„ „ (mmm >>> )§§§ þþþ §§§ �� �

‰‰‰ŒŒŒ•• • 2l/min �� � 18l/min "" " 333 ÿÿÿ þþþ YYY >>> {{ { ÇÇÇ �� � žžž ÿÿÿ §§§ III ‡‡‡ÚÚ Ú ÑÑÑ ˜̃˜ ‡‡‡ ��� ��� �� � ´́́ 555 ÏÏ Ï LLL >>>

�� � ÇÇÇ ÿÿÿ þþþ �� � &&&ÞÞÞ 555 ÿÿÿ þþþ YYY �� �>> > {{{ / >>>�� � ÇÇÇ §§§ ††† >>> ��� �� � 666 þþþ OOO ^^^ 555 ÿÿÿ þþþ �� � ��� ´´ ´666 þþþ ���

ŒŒŒ�� � §§§ •• • ŒŒŒþþþ §§§ < 1l/min "" " ããã ¥¥¥ ��� www ««« ¶¶¶ •• • >>> {{ { ÇÇÇ / >>>� �� ÇÇÇ ÿÿÿ þþþ ¤¤¤ ìì ì £££ kkk 2%�� � ØØØ ((( ½½½

ÝÝÝ ¤¤¤§§ § ^^^ 55555 5 ÿÿÿ þþþ YYY �� �>> > {{ { ÇÇÇ "" "

ããã 5.12¤¤¤ ««« •• • ÌÌ Ì ‚‚ ‚ XXX ÚÚÚ �� � ««« ¿¿¿ ããã §§§ �� � ‡‡‡ ÌÌ Ì ‚‚ ‚ LLL §§§ §§§ YYY ‡‡‡ ¥¥¥ �� � YYY ÏÏ Ï LLL "" " ÄÄÄÑÑÑ §§§ YYY

²² ² LLL 1‡‡‡ ’’ ’ �� � LLL ÈÈÈ ìì ì §§§ bbb 		 	 ààà ÿÿÿ §§§ ·· · KKK §§§ 0.22‡‡‡ ’’ ’ �� ��� � LLL ÈÈÈ ìì ì �� � ??? \\ \ YYY ‡‡‡ "" " kkk 3‡‡‡

zzz €€€ 555 £££      ˜˜ ˜ 3§§§ 4§§§ 5¤¤¤ 555 ›› › ›› › ÀÀÀ zzz XXX ÚÚÚ ´́́ mmm „„„ ´́´ '' ' """ �� �     ˜˜ ˜ 3??? ��� zzz €€€ '' ' 444 §§§    

˜˜ ˜ 4§§§ 5??? �� � zzz €€€ ‹‹ ‹ mmm §§§ ÀÀÀ zzz XXX ÚÚÚ ´´ ´ ‹‹‹ mmm GGG �� � "" " ���     ˜̃˜ 4§§§ 5??? �� � zzz €€€ ''' 444 §§§ 

 
     ˜̃̃ 3???

�� � zzz €€€ ‹‹ ‹ mmm žžž §§§ ÀÀÀ zzz XXX ÚÚÚ ??? uuu '' ' 444 GGG ��� §§§ �� � ´´ ´ ��� ±±± 1‡‡‡ ’’’ �� � LLL ÈÈÈ ììì ‹‹‹ mmm "" "      ˜̃̃ 1ÚÚÚ    

˜˜ ˜ 2´´ ´ >>> {{ { / >>>�� � ÿÿÿ þþþ ¤¤¤ ŒŒŒ±±± ii i ÿÿÿ �� � üüü ‡‡‡      ˜˜ ˜ §§§ ŒŒŒ±±± ÿÿÿ þþþ �� �� �� YYY �� �> >> {{ { ÇÇÇ �� � ŠŠŠ """

5.3 üüü NNN ÈÈÈ YYY ÌÌÌ ‚‚‚ ��� ...

5.3.1 ÌÌ Ì ‚‚ ‚ �� � .. . �� � ïï ï ááá

·· · ‚‚ ‚ •• • �� � YYY �� �>> >�� � ÇÇÇ (EC) •• • >>> {{{ ÇÇÇ (R) �� �� �� êêê (� =1/R) "" " ‡‡‡ XXX YYY •• • ØØØ ûûû �� �� �� NNN ,XXX

JJJ ooo KKK\\ \ ˆˆ ˆ âââ (TDS) 333 YYY ¥¥¥ OOO \\ \ §§§ YYY �� �>> >�� � ÇÇÇ ‘‘ ‘ ƒƒƒ OOO \\ \ §§§ ÏÏ Ï •• • >>> 666 ´´ ´ ÏÏ Ï LLL ll l ff f �� �

£££ ÄÄÄ // / ¤¤¤ �� � "" " 333 ‡‡‡ XXX YYY ¥¥¥ §§§ >>>�� � ÇÇÇ ††† TDSƒƒƒ mmm ��� ''' XXX ŒŒŒ±±± CCC qqq •• • µµµ TDS (mg/l)=
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ããã 5.12: ��� ��� ... ��� ÌÌÌ ‚‚‚ XXX ÚÚÚ ÀÀÀ zzz XXX ÚÚÚ ««« ¿¿¿ ããã

0.5� EC (� S/cm) [97]"" "

ããã 5.13www ««« �� � YYY ÌÌ Ì ‚‚ ‚ XXX ÚÚÚ �� � ÜÜÜ 666 ããã §§§ YYY ‡‡‡ �� � NNN ÈÈÈ ^^^ Vtank 555 LLL ««« §§§ ÌÌ Ì ‚‚ ‚ �� � „„ „ ÝÝÝ

^^^ u(1/h) §§§ YYY �� �>> > {{ { ÇÇÇ ŒŒŒ333 üüü ‡‡‡ // / •• • ??? 111 ÿÿÿ þþþ §§§ ˜˜ ˜ ‡‡‡      uuu YYY ‡‡‡ �� � ÑÑÑ •• • (position 1)§§§ ,, ,

		 	 ˜˜ ˜ ‡‡‡ 333 ²² ² LLL ÀÀÀ zzz XXX ÚÚÚ ƒƒƒ �� � YYY ‡‡‡ �� � \\ \ ••• (position 2)"" " � tank •• •     ˜˜ ˜ 1??? �� �>> >�� � ÇÇÇ §§§ � p •• •

     ˜˜ ˜ 2??? �� �>> >�� � ÇÇÇ "" " nnn ØØØ þþþ §§§ 333 §§§ ÝÝÝ •• • 25� Cžžž §§§ ‡‡‡ XXX YYY �� � nnn ØØØ 444 •• • ŠŠŠ •• • 0.055uS/cm"" "

�� � ÌÌ Ì ‚‚ ‚ XXX ÚÚÚ �� � ~~~ ëëë YYY �� � óóó ŠŠŠ �� � žžž ÿÿÿ §§§ ÀÀÀ zzz XXX ÚÚÚ ÑÑÑ ÑÑÑ YYY �� �>> >�� � ÇÇÇ � p •• • ˜˜ ˜ ‡‡‡ ½½½ ŠŠŠ §§§ ŠŠŠ âââ

ÌÌ Ì ‚‚ ‚ XXX ÚÚÚ �� � OOO �� � ØØØ ÓÓÓ §§§ ùùù ‡‡‡ ÑÑÑ ÑÑÑ ŠŠŠ ††† 444 ••• ŠŠŠ ��� kkk ØØØ ÓÓÓ "" "

ããã 5.13: ��� ��� ... ��� ÌÌÌ ‚‚‚ XXX ÚÚÚ ÀÀÀ zzz XXX ÚÚÚ ««« ¿¿¿ ããã

·· · ‚‚ ‚ ÑÑÑ •• • �� � ‘‘ ‘ XXX žžž mmm �� � CCC zzz §§§ ‡‡‡ XXX YYY ††† ÔÔÔ ŸŸŸ �� � >>> §§§ YYY �� � ŸŸŸ þþþ ¬¬¬ CCC €€€ """ ÏÏ Ï LLL ÀÀÀ zzz

XXX ÚÚÚ ŒŒŒ±±± ¦¦ ¦ YYY ŸŸŸ CCC ÐÐÐ "" " ·· · ‚‚ ‚ bbb �� � ˜˜ ˜ �� � žžž SSS �� �>> > ll l ff f ßßß ÝÝÝ OOO \\ \ •• • k(üüü      mg/(l*h)) "" " XXX

JJJ ÌÌ Ì ‚‚ ‚ ÀÀÀ zzz XXX ÚÚÚ �� � ll l ff f �� � UUU ååå ŒŒŒuuu†† † YYY �� � >>> ÔÔÔ ŸŸŸ lll fff ßßß ÝÝÝ OOO \\ \ �� � UUU ååå §§§ YYY ���>> > {{ { ÇÇÇ

ÒÒÒ ¬¬¬ ddd $$$ •• • ppp ??? ,, , §§§ YYY ŸŸŸ úúúúú ú CCC ÐÐÐ §§§ ·· · ‚‚ ‚ ŒŒŒ±±± �� ��� � 333 444 ááá�� � žžž mmm SSS (4 t �! dt) �� � YYY ‡‡‡

SSS ll l ff f ßßß ÝÝÝ�� � CCC zzz XXX eee µµµ

d(0:5� tank ) =
0:5(� p � � tank )udt

(Vtank )
+ kdt ( 5.1)
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333 ÀÀÀ zzz �� � óóó ŠŠŠ �� � LLL §§§ ¥¥¥ §§§ YYY ‡‡‡ ¥¥¥ YYY �� �>> >�� � ÇÇÇ ´´ ´ (EC) � tank ´´ ´žž ž mmm �� � ¼¼¼ êêê §§§ ll l •• • §§§ (

5.1)ÈÈÈ ©©© ŒŒŒ�� ��� � µµµ

� tank = ( � p + 2k� ) + ( � 0 � (� p + 2k� ))exp(�
t
�

) ( 5.2)

� = Vtank
u ´´ ´ ÌÌ Ì ‚‚ ‚ ˜˜ ˜ ‡‡‡ NNN ÈÈÈ ¤¤¤ II I ‡‡‡ �� � žžž mmm ; � 0´´ ´ YYY ÐÐÐ ©©© �� �>> >�� � ÇÇÇ "" "

ddd ddd ŒŒŒ�� � YYY ‡‡‡ ¥¥¥ YYY �� �>> > {{ { ÇÇÇ Rtank µµµ

Rtank =
1

� tank
=

1
(� p + 2k� ) + ( � 0 � (� p + 2k� ))exp(� t

� )
( 5.3)

333 •• • §§§ ( 5.3)¥¥¥ §§§ �� � žžž mmm t �! 1 ,@@@ooo Rtank òòò CCC •• • µµµ

Rtank =
1

(� p + 2k� )
( 5.4)

ddd •• • §§§ 5.4ŒŒŒ•• • YYY �� �>> > {{ { ÇÇÇ •• • ªª ª ¿¿¿ØØØ •• • 666 uuu žžž mmm §§§ 

 
 ûûû ½½½ uuu � p§§§ k ÚÚÚ � �� � ŠŠŠ "" " �� � ÀÀÀ

zzz XXX ÚÚÚÊÊÊ ŽŽŽ óóó ŠŠŠ §§§ === •• • kkk ÌÌ Ì ‚‚ ‚ XXX ÚÚÚ 333 óóó ŠŠŠ §§§ �� � YYY ØØØ ??? 111 ÀÀÀ zzz §§§ YYY �� �>> > {{ { ÇÇÇ ¬¬¬ ddd

uuu YYY ††† ÔÔÔ ŸŸŸ �� � >>> �� � ÔÔÔ ŸŸŸ ÛÛÛ ÑÑÑ �� � ÔÔÔ ŸŸŸ ÀÀÀ // / 

 
 >>> {{ { ÇÇÇ eee üüü §§§ ·· · ‚‚ ‚ bbb �� � ÛÛÛ ÑÑÑ ÇÇÇ •• • k
0

(üüü

     mg/(l �h))•• • )) )55 5 ggg uuu ÌÌ Ì ‚‚ ‚ �� � XXX ÚÚÚ ÚÚÚ YYY ‡‡‡ �� � ÀÀÀ // / "" "

eee ¡¡ ¡ 555 ??? ØØØ '' ' uuu vvv kkk ÀÀÀ zzz XXX ÚÚÚ �� � §§§ YYY ���>> > {{{ ÇÇÇ CCC zzz 555 ÆÆÆ""" ùùù žžž •• • §§§ ( 5.1)CCC ¤¤¤ µµµ

d(0:5� tank ) = k
0
dt ( 5.5)

ÏÏ Ï LLL ééé •• • §§§ ( 5.5)�� � ÈÈÈ ©©© ŒŒŒ±±± �� ��� � •• • §§§ ( 5.6)

� tank = � 0 + 2k
0
t ( 5.6)

� 0YYY ‡‡‡ SSS YYY >>>�� � ÇÇÇ �� � ÐÐÐ ŠŠŠ §§§ YYY >>> {{ { ÇÇÇ ‘‘ ‘ žžž mmm �� � CCC zzz ÑÑÑ lll •• • §§§ ( 5.7):

Rtank =
1

� tank
=

1
� 0 + 2k0t

( 5.7)

5.3.2 ¢¢¢ �� � �� � LLL §§§

ééé uuu YYY ‡‡‡ ccc ˜˜ ˜ !! ! ·· · ‚‚ ‚ ®®® ??? 111 

 
 •••[[ [ ��� 000 ��� §§§ 333 /// \\ \ ‡‡‡ XXX YYY ƒƒƒ ccc YYY ‡‡‡kkk ^^^ ‡‡‡ XXX YYY

ééé YYY ‡‡‡ �� � SSS ÜÜÜ ??? 111 ˜˜ ˜ WWW§§§ ¢¢¢ �� � ¥¥¥ zzz ••• YYY ‡‡‡ ppp ¡¡¡ // / 555 ˜˜ ˜ gggŒŒŒVVV ^^^ 4ëëë ††† mmm ��� ‡‡‡ XXX YYY """

‡‡‡ XXX YYY 555 ggg ††† ppp UUU ¤¤¤YYY ÕÕÕ §§§ YYY ÕÕÕ ¥¥¥ ÑÑÑ 555 �� � ‡‡‡ XXX YYY >>>� �� ÇÇÇ > 18M
 �cm§§§ ¢¢¢ �� � ¥¥¥ ¦¦¦ ^^^ †††

»»» 4ff f ’’ ’ ††† mmm �� � PVC^^^ +++ ll l YYY ÕÕÕ òòò YYY ÚÚÚ ÑÑÑ §§§ ^^^ 150’’ ’ •• • ��� +++ �� � òòò YYY ??? \\ \ YYY ‡‡‡ &&& ÿÿÿ ììì """

ddduu u PVC+++ �� �éé é YYY �� � ÀÀÀ // / ÚÚÚ ††† ˜̃̃ ííí �� � �� � >>> §§§ ��� YYY ??? \\ \ YYY ‡‡‡ ��� §§§ YYY ���> >> {{{ ÇÇÇ ®®® ²² ² üüü •••

AAA îî î "" " ddd žžž¢¢ ¢ �� � §§§ YYY ‡‡‡ ¥¥¥ ØØØ‡‡‡ XXX YYY 			 §§§ YYY ‡‡‡ ¥¥¥••• kkk 2‡‡‡ PMT §§§ ùùù žžž tyvekÚÚÚ || | eee ÑÑÑ ™™™
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˜˜ ˜ \\ \ YYY ‡‡‡ ¥¥¥ "" " zzz 555 YYY ˜˜ ˜ ggg II I žžž 2‡‡‡ ��� žžž ††† mmm §§§ ddduuu ÌÌ Ì ‚‚‚ XXX ÚÚÚ +++ ´́́ §§§ ˆ̂̂‡‡ ‡ LLL ÈÈÈ ììì �� � ���

�� � ÑÑÑ •• • vvv kkk ˜˜ ˜ '' ' LLL �� � §§§ SSS ÜÜÜ kkk •• • ™™™,, , ŸŸŸ �� � §§§ II I ‡‡‡ kkk ^^^ XXX YYY ˜̃˜ WWW�� � �� � """ ,,, �� � 555 YYY ‰‰‰

¢¢¢ �� � ^^^ YYY §§§ �� � YYY ‡‡‡ �� � YYY ppp ÝÝÝ •• • 1.2’’ ’ �� � ÊÊÊ ŽŽŽ 555 YYY §§§ ,, , ��� ééé YYY ‡‡‡ ??? 111 ———µµµ ÚÚÚ �� � µµµ "" " ÏÏÏ

•• • YYY ‡‡‡ þþþ ÜÜÜ �� � ˜˜ ˜ íí í NNN ÈÈÈ ŒŒŒVVV •• • 340l§§§ kkk ÏÏÏ \\\ 1500,, , ††† mmm �� ��� � ííí §§§ ¦¦ ¦ YYY ‡‡‡ ¥¥¥ �� � íí í NNN ���

††† 4�� � 5‡‡‡ NNN ÈÈÈ òòò ppp ¡¡ ¡ �� � ˜˜ ˜ ííí üüü ÑÑÑ §§§ ,, , �� � UUU YYY�� � þþþ �� � ÏÏÏ \\\ ��� íí í §§§ ·· · ¥¥¥ ��� ±±± YYY ‡‡‡ SSS ��� ííí

NNN ØØØ rr r �� � ±±± 333 �� � ØØØ §§§ '' ' 		 	 ÜÜÜ ŒŒŒíí í ØØØ ppp ÑÑÑ 1.5cm� 2.0cm�� � YYY ÎÎ Î �� � ØØØ rr r §§§ ±±± {{ { ŽŽŽ 		 	 ÜÜÜ ˜˜ ˜ íí í

�� � ??? \\ \ §§§ �� � yyy YYY ØØØ �� � >>> 		 	 .. . �� � ˜˜ ˜ íí í "" " ddd žžž ŒŒŒòòò ÌÌ Ì ‚‚‚ ÀÀÀ zzz XXX ÚÚÚ ‹‹ ‹ mmm §§§ ›› › ›› › ØØØ ÓÓÓ �� � 666 „„„

555 PPP ¹¹ ¹ eee YYY >>> {{ { ÇÇÇ �� � CCC zzz §§§ žžž mmm §§§ ††† 666 „„ „ �� � êêê âââ ¶¶¶ ��� ïï ï ÄÄÄ ÛÛÛ ÑÑÑ ÔÔÔ ééé YYY ŸŸŸ ��� KKK •• • žžž §§§

'' ' KKK ÀÀÀ zzz XXX ÚÚÚ §§§ •• • ‹‹ ‹ mmm ÌÌ Ì ‚‚ ‚ §§§ 555 ÿÿÿ þþþ >>> {{{ ÇÇÇ ��� CCC zzz œœœ¹¹ ¹ """

ééé uuu ÌÌ Ì ‚‚ ‚ XXX ÚÚÚ ®®® ²² ²00 0 �� � LLL §§§ ��� ‡‡‡ XXX YYY ²²² LLL 150’’ ’ �� � +++ ´´ ´ ��� YYY ‡‡‡ �� � §§§ ??? 111ÌÌ Ì ‚‚‚ žžž YYY

�� �>> > {{ { ÇÇÇ ®®® ²² ² < 1M
 �cm§§§ 

 
 333 ²² ² LLL ·· · KKK ÀÀÀ zzz�� � �� � YYY �� �> >> {{ { ÇÇÇ ŒŒŒ±±± ˆ̂ˆ ��� 16.7M
 �cm(===

333 5.13     ˜˜ ˜ 2??? �� � � p=0.06� S/cm§§§ ééé AAAuu u YYY �� �>> > {{ { ÇÇÇ •• • 16.7M
 �cm)ŒŒŒ±±± ÷÷÷ vvv ¢¢¢ �� � �� � ‡‡‡

¦¦ ¦ "" "

5.3.3 ¢¢¢ �� � ÿÿÿ þþþ (( ( JJJ ††† ÌÌ Ì ‚‚ ‚ �� � .. . �� �éé é '' '

¢¢¢ �� � ¥¥¥ ÄÄÄ kkk ÿÿÿ þþþ 

 
 �� � ÌÌ Ì ‚‚ ‚ ÀÀÀ zzz XXX ÚÚÚ ÑÑÑ ‹‹ ‹ mmm žžž §§§ 333 ˜˜ ˜ ½½½ ÌÌ Ì ‚‚‚ „„ „ ÝÝÝ eee ���> >> {{ { ÇÇÇ �� � CCC

zzz žžž ¹¹ ¹ ¶¶¶ 

 
 �� � ÿÿÿ þþþ •• • kkk ÌÌ Ì ‚‚ ‚ vvv kkk ÀÀÀ zzz žžž §§§ YYY ‡‡‡ ¥¥¥ YYY ���>> > {{ { ÇÇÇ �� � CCC zzz œœœ¹¹ ¹ §§§ ÏÏÏ LLL ¢¢¢ ���

êêê âââ ††† ®®® kkk �� � �� � .. . ??? 111 ééé ìì ì ÚÚÚ ©©© ÛÛÛ §§§ 555 ïï ï ÄÄÄ YYY �� � ÌÌÌ ‚‚‚ ÀÀÀ zzz ��� .. . "" " ¢¢¢ �� � ÿÿÿ þþþ 


 333 üüü ‡‡‡

ØØØ ÓÓÓ �� � 666 „„ „ eee �� � YYY �� �>> > {{ { ÇÇÇ �� � þþþ ,,, LLL §§§ (ÀÀÀ zzz LLL §§§ mmm )§§§ 


 �� � ÿÿÿ þþþ 

 
 2‡‡‡ ØØØ ÓÓÓ 666 „„„ �� �> >>

{{ { ÇÇÇ eee üüü �� � LLL §§§ (ÀÀÀ zzz LLL §§§ '' ' KKK )"" "

�� � ÌÌ Ì ‚‚ ‚ ÀÀÀ zzz XXX ÚÚÚ mmm ©©© $$$ 111 §§§ YYY ��� ÐÐÐ ©©© >>> {{ { ÇÇÇ ŒŒŒVVV 3M
 �cm§§§ ¢¢¢ ��� �� � ½½½ ÌÌ Ì ‚‚‚ „„„

ÝÝÝ u1� 12 l/min §§§ ¢¢¢ �� � êêê âââ ddd •• • §§§ 5.3555 [[ [ ÜÜÜ §§§ [[ [ ÜÜÜ ëëë êêê •• • )) ) k§§§ � ÚÚÚ � 0"" " [[ [ ÜÜÜ (( ( JJJ XXX

ããã 5.14¥¥¥ ¤¤¤ ««« §§§ k�� � êêê ŠŠŠ •• • 0.8� 10� 3mg/(l �h)§§§ ùùù ˜˜ ˜ êêê ŠŠŠ ““ “ LLL YYY ‡‡‡ ááá �� � �� � '' 'ÀÀ À §§§ ÝÝÝ "" " ÌÌ Ì

‚‚ ‚ ˜˜ ˜ ‡‡‡ NNN ÈÈÈ ¤¤¤ II I žžž mmm � =5.2�� � žžž §§§ ddd ddd ŒŒŒ±±± ééé AAA �� � ¦¦ ¦ ÑÑÑ ÌÌ Ì ‚‚ ‚ �� � „„ „ ÝÝÝ ••• 12.8l/min §§§ ÄÄÄ �� �

þþþ ÚÚÚ ¢¢¢ �� � þþþ 666 þþþ OOO ÖÖÖ ÑÑÑ ��� ((( JJJ ˜˜ ˜ ———""" ¢¢¢ ��� �� � êêê âââ www ««« YYY �� �>> > {{{ ÇÇÇ ŒŒŒ±±± þþþ ,, , ��� 14.8îî î

îî î �� � �� � ±±± ˜˜ ˜ ‡‡‡ ­­ ­ ½½½�� � GGG �� � §§§ ÚÚÚ úúú ªª ª 5.4¥¥¥ ¤¤¤ ýýý ÏÏÏ �� � ˜̃̃�� � """ ll l ÐÐÐ ©©© �� � 2.5îî î îî î0 00 ��� 14.8îî î

îî î §§§ II I žžž 25�� � 30�� � žžž §§§ ééé AAAuu u 5�� � 6‡‡‡ YYY ‡‡‡ NNN ÈÈÈ �� � �� � ††† "" "

•• • 

 
 ééé ÌÌ Ì ‚‚ ‚ �� � .. . ??? 111 uuu �� � §§§ òòò ÌÌ Ì ‚‚ ‚ �� � „„ „ ÝÝÝ üüü •• • 3 l/min( 666 „„ „ u2)222 ggg ??? 111ÌÌ Ì ‚‚ ‚ §§§ ÿÿÿ

þþþ (( ( JJJ XXX ããã 5.15¤¤¤ ««« "" " [[ [ ÜÜÜ (( ( JJJ �� � kŠŠŠ ŒŒŒVVV •• • 0.8� 10� 3 mg/(l �h)ÚÚÚ ^^^ „„ „ ÝÝÝ 12 l/min( u1)�� �

ÑÑÑ �� � (( ( JJJ ˜˜ ˜ ———"" " žžž mmm � =24.2�� � žžž §§§ ŒŒŒíí í ÑÑÑ ÌÌ Ì ‚‚‚ „„„ ÝÝÝ ��� •• • 2.8 l/min §§§ YYY �� �>> > {{ { ÇÇÇ ŒŒŒ

±±± �� � ˆˆ ˆ 10.2M
 �cm§§§ ,, , �� � ˜˜ ˜ ††† �� � ±±± ddd GGG �� � "" " ll l ÐÐÐ ŠŠŠ 3.5M
 �cm �� � 10.2M
 �cm§§§ II I žžž �� �

•• • 120�� � žžž §§§ •• • ééé AAA 5� 6‡‡‡ NNN ÈÈÈ �� � ÌÌ Ì ‚‚ ‚ "" "

ããã 5.16§§§ ããã 5.17 www ««« 

 
 �� � ÀÀÀ zzz XXX ÚÚÚ ÚÚÚ bbb 		 	 ààà ÿÿÿ XXX ÚÚÚ ÑÑÑ '' ' KKK�� � œœœ ¹¹ ¹ "" " ÌÌÌ ‚‚ ‚ „„ „ ÝÝÝ

ÚÚÚ ÿÿÿ þþþ þþþ ,, , ­­ ­ ‚‚ ‚ žžž ˜˜ ˜�� � "" " ·· · ‚‚‚ ^^^ üüü ‡‡‡ ëëë êêê 555 [[[ ÜÜÜ k
0
,ÚÚÚ � 0"" " ééé uuu eee üüü ­­ ­ ‚‚ ‚ §§§ üüü ggg (( (
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 3.4e-05±k           0.000762 

 0.12±                        5.18 �
 0.014±                  0.345 0�

ããã 5.14: >>> {{{ ÇÇÇ ��� þþþ ,,, ­­­ ‚‚‚ (ÌÌÌ ‚‚‚ „„„ ÝÝÝ u1 � 12 l/min)
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 / ndf                    52.49/472�

 3.2e-05±k             0.000798 

 0.73±                        24.15 �

 0.0062±                0.2242 0�

ããã 5.15: >>> {{{ ÇÇÇ ��� þþþ ,,, ­­­ ‚‚‚ (ÌÌÌ ‚‚‚ „„„ ÝÝÝ u2 � 3 l/min)

JJJ §§§ k
0
²² ² þþþ ŠŠŠ 333 1.3� 10� 3 mg/(l �h)"" " eee üüü ­­ ­ ‚‚ ‚ ¥¥¥ k

0
�� � ŠŠŠ '' ' þþþ ,, , �� � ‚‚ ‚ ¥¥¥ �� � kŠŠŠ ‡‡‡ ŒŒŒ"" " ùùù

‡‡‡ ÌÌ Ì ‡‡‡ ´´ ´ ddduu u �� � ÀÀÀ zzz XXX ÚÚÚ ÚÚÚ bbb 			 ààà ÿÿÿ '' ' KKK ±±± �� � §§§ k
0
•• • )) )55 5 ggg YYY ‡‡‡ �� � ÀÀÀ // / ±±± 999 ÌÌÌ ‚‚ ‚ XXX

ÚÚÚ �� � ÀÀÀ // / "" " ÌÌ Ì ‚‚ ‚ XXX ÚÚÚ ��� +++ ´´ ´ ÚÚÚ NNN ììì ••• '' 'ÀÀ À PVCááá �� � §§§ ��� ••• ÄÄÄ �� � ùùù ««« ááá ��� ÛÛÛ ÑÑÑ ÔÔÔ ‡‡‡ '''

YYY ‡‡‡ ááá �� � (PP)ŒŒŒ˜˜ ˜ ‡‡‡ þþþ ??? §§§ 

 
 ùùù 

 
 ááá �� � ¡¡ ¡ ÈÈÈ •• • ØØØ ŒŒŒ�� � ÑÑÑ ( 0.5 m2)"" " �� � ÀÀÀ zzz XXX ÚÚÚ ‹‹ ‹ mmm

žžž §§§ ÌÌ Ì ‚‚ ‚ ÚÚÚ ÀÀÀ zzz XXX ÚÚÚ �� � ÛÛÛ ÑÑÑ ÔÔÔ �� � ·· · KKK äää ••• ¤¤¤ ááá ÂÂÂ "" "

nnn þþþ ¤¤¤ ããã §§§ ¤¤¤ ïï ï ááá �� � ÌÌ Ì ‚‚ ‚ ��� .. . ŒŒŒ±±± éééÐÐÐ ��� ))) ºº º ÌÌÌ ‚‚ ‚ ÚÚÚ ÀÀÀ zzz �� � LLL §§§ """ 333 >>> {{{ ÇÇÇ ���

þþþ ,, , LLL §§§ ¥¥¥ §§§ •• • ªª ª þþþ ¯̄¯ �� �>> > {{{ ÇÇÇ ddd •• • §§§ ( 5.4)¤¤¤ ûûû ½½½ "" " üüü $$$ kŠŠŠ ÚÚÚ JJJ ,, , ÌÌÌ ‚‚‚ „„ „ ÝÝÝ ŒŒŒJJJ

,, , •• • ªª ª YYY �� �>> > {{ { ÇÇÇ "" " ééé uuu ¢¢¢ �� � 555 `` ` §§§ ·· · ‚‚ ‚ ŒŒŒ±±± ÀÀÀ JJJ ppp �� � ÌÌ Ì ‚‚ ‚ „„„ ÝÝÝ ÚÚÚ ÀÀÀ JJJ '' 'ÀÀ À �� � ááá

�� � ~~~ �� � ÛÛÛ ÑÑÑ ÔÔÔ �� � ÀÀÀ // / §§§ ••• ªªª ŒŒŒ±±± JJJ ppp YYY ���> >> {{ { ÇÇÇ """ ••• ªª ª ˆˆ ˆ ¯̄̄ ��� žžž mmm ddd � 555 ûûû ½½½ §§§ III

‡‡‡ 5� 6‡‡‡ � �� � žžž mmm 555 ˆˆ ˆ �� � ­­ ­ ½½½�� � GGG �� � "" "
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 0.00053±                  0.07423 0�

ããã 5.16: >>> {{{ ÇÇÇ ��� eee üüü ­­­ ‚‚‚ (ÌÌÌ ‚‚‚ „„„ ÝÝÝ u2 � 12 l/min)
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ããã 5.17: >>> {{{ ÇÇÇ ��� eee üüü ­­­ ‚‚‚ (ÌÌÌ ‚‚‚ „„„ ÝÝÝ u2 � 3 l/min)

5.3.4 �� � (( (

ŒŒŒ.. . �� � YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ìì ì §§§ II I ‡‡‡ ppp ŸŸŸ þþþ �� � ‡‡‡ XXX YYY §§§ ‡‡‡ ‘‘ ‘ ±±± YYY ŸŸŸ •• • ÏÏÏ ­­­ ½½½ 555 §§§ III

‡‡‡ YYY ÌÌ Ì ‚‚ ‚ ÚÚÚ ÀÀÀ zzz XXX ÚÚÚ "" " ·· · ‚‚ ‚ ïï ï ááá 

 
 ˜˜ ˜ ‡‡‡ ÌÌ Ì ‚‚ ‚ ÀÀÀ zzz ��� ... 555 ïï ï ÄÄÄ YYY �� �> >> {{ { ÇÇÇ 333 ÌÌÌ ‚‚ ‚ ÚÚÚ ÀÀÀ

zzz XXX ÚÚÚ eee �� � CCC zzz 555 ÆÆÆ§§§ ¢¢¢ �� � �� � (( ( JJJÚÚÚ �� � .. . UUU 

 
éé éÐÐÐ ��� ÎÎ Î ÜÜÜ §§§ �� � yyy 


 �� � .. . ��� ��� (( ( 555 """

ddd �� � .. . ŒŒŒ�� � OOO ÚÚÚ `` ` zzz òòò 555 ŒŒŒ¢¢¢ �� � �� � ÌÌ Ì ‚‚‚ ÚÚÚ ÀÀÀ zzz XXX ÚÚÚ """

5.4 VVV NNN ÈÈÈ ÌÌÌ ‚‚‚ ��� ...

þþþ ˜˜ ˜ !! ! ÌÌ Ì ‡‡‡ ïï ï ÄÄÄ 

 
 '' ' uuu ÌÌ Ì ‚‚ ‚ ÚÚÚ ÀÀÀ zzz �� � �� � .. . §§§ 333 ÌÌ Ì ‚‚‚ �� � .. . ¥¥¥ §§§ YYY ‡‡‡ ÒÒÒ ´́́ ˜˜ ˜ ‡‡‡ ���

NNN §§§ === •• • ˜˜ ˜ ‡‡‡ NNN ÈÈÈ �� � ÌÌ Ì ‚‚ ‚ •• • ªªª "" " XXX JJJ òòò tyvek˜˜ ˜ \\ \ YYY ‡‡‡ ¥¥¥ �� � §§§ YYY ‡‡‡ �� � ………¤¤¤ 2‡‡‡ NNN ÈÈÈ §§§

ùùù žžž �� � ÌÌ Ì ‚‚ ‚ ÒÒÒ CCC ¤¤¤ 

 
 VVV NNN ÈÈÈ ÌÌ Ì ‚‚ ‚ §§§ 

 
 ………zzz ˜˜ ˜ ‡‡‡ NNN ÈÈÈ ÑÑÑ kkk ggg CCC ��� ??? YYY ••• ÚÚÚ ÑÑÑ YYY •• • """
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ddduu u tyvekŒŒŒ¤¤¤ �� � SSS NNN ÈÈÈ ¿¿¿ØØØ ´´ ´ �� � �� � µµµ 444 �� � §§§ ÏÏÏ •• • kkk üüü ‡‡‡ PMT �� � 111 ÒÒÒ 444 III �� � \\\ SSS YYY ‡‡‡

¥¥¥ §§§ SSS 		 	 NNN ÈÈÈ kkk ƒƒƒ ÏÏ Ï ���/ // ••• "" " eee ¡¡¡ ïïï ÄÄÄ '' ' uuu VVV NNN ÈÈÈ ÌÌÌ ‚‚ ‚ �� � �� � ... §§§ ããã 5.18¤¤¤ ««« === ••• VVV

NNN ÈÈÈ ÌÌ Ì ‚‚ ‚ �� � ««« ¿¿¿ ããã "" "

ããã 5.18: VVV NNN ÈÈÈ ÌÌÌ ‚‚‚ ��� ««« ¿¿¿ ããã

5.4.1 ÌÌ Ì ‚‚ ‚ �� � .. . (ÀÀÀ zzz XXX ÚÚÚ ‹‹ ‹ mmm žžž )

XXX ããã 5.18¤¤¤ ««« §§§ òòò tyvekŒŒŒ¤¤¤ �� � SSS NNN ÈÈÈ ½½½ ÂÂÂ •• • V1§§§ 		 	 �� � �� � NNN ÈÈÈ ½½½ ÂÂÂ •• • V2§§§ ??? YYY •• • kkk

üüü ‡‡‡ §§§ ˜˜ ˜ ‡‡‡ ééé uuu SSS �� � NNN ÈÈÈ �� � §§§ ½½½ ÂÂÂ 666 „„„ ••• u1i§§§ ˜˜ ˜ ‡‡‡ ´´ ´ ééé uuu 		 	 �� � NNN ÈÈÈ �� � §§§ ½½½ ÂÂÂ �� � 666 „„„

•• • u2i §§§ 

 
 ÑÑÑ YYY •• • SSS �� � 666 „„ „ ½½½ ÂÂÂ ••• u1o§§§ 		 	 �� � �� � ÑÑÑ YYY •• • �� � 666 „„„ ½½½ ÂÂÂ •• • u2o§§§ ddduu u SSS 		 	 NNN

ÈÈÈ ƒƒƒ mmm kkk YYY �� � �� � ††† §§§ ½½½ ÂÂÂ 


 ˜̃˜ ‡‡‡ SSS 		 	 NNN ÈÈÈ ƒƒƒ mmm �� � ††† �� � 666 „„„ uc§§§ ½½½ ÂÂÂ ooo �� � 666 „„ „ === ÌÌÌ ‚‚‚

XXX ÚÚÚ �� � 666 „„ „ •• • u§§§ ddd ddd ŒŒŒ�� ��� � XXX eee �� � ''' XXX ªª ª µµµ

u1i + u2i =u ;

u1o+ u2o=u;

uc= u1i -u1o

� 1= V1
u1o

; ·· · ‚‚ ‚ ½½½ ÂÂÂ � 1•• • NNN ÈÈÈ V1ÑÑÑ •• • ??? �� �>> >�� � ÇÇÇ §§§ k1½½½ ÂÂÂ •• • üüü      žžž mmm V1SSS ll l ff f ßßß ÝÝÝ

�� � OOO \\ \ §§§ ééé uuu V1§§§ 444 ááá�� � žžž mmm SSS (4 t �! dt) ŒŒŒ±±± �� � ÑÑÑ V1SSS ll l ff f ßßß ÝÝÝ�� � CCC zzz :

d(0:5� 1) =
0:5(� mb � � 1)u1i dt

V1
+ k1dt ( 5.8)

ééé •• • §§§ ( 5.8)??? 111 ÈÈÈ ©©© ,ŒŒŒ�� � ( 5.9)

� 1 = ( � mb + 2k1� ) + c01exp(�
t
� 1

) ( 5.9)
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� mb=0.06 � S/cm ;� 1= V1
u1i

´´ ´ ééé V1‰‰‰˜˜ ˜ ‡‡‡ NNN ÈÈÈ ÌÌ Ì ‚‚ ‚ ¤¤¤ II I ��� žžž mmm ;c01 •• • ˜˜ ˜ ‡‡‡ ~~~ êêê "" " ééé NNN

ÈÈÈ V2,½½½ ÂÂÂ � 02•• • NNN ÈÈÈ V2¥¥¥ ÑÑÑ YYY •• • �� �>> >�� � ÇÇÇ §§§ k2•• • üüü      žžž mmm SSS ll l ff f ßßß ÝÝÝ�� � OOO \\ \ §§§ 333 444 ááá

�� � žžž mmm (4 t �! dt) SSS ll l ff f ßßß ÝÝÝ�� � CCC zzz µµµ

d(0:5� 2) =
0:5(� mbu2i + � 1uc � u20� 2)

V2
dt + k2dt ( 5.10)

d� 2

dt
=

(� mbu2i + � 1uc � u20� 2)
V2

+ 2k2 ( 5.11)

d� 2

dt
=

� mbu2i + (( � mb + 2k1� ) + c01exp(� t
� 1

))uc � u20� 2

V2
+ 2k2 ( 5.12)

·· · ‚‚ ‚ ½½½ ÂÂÂ

A = � mb + 2k1� 1; a =
ucc01

V2
; b=

� mbu2i + 2k2V2 + ucA
V2

; � 2 =
V2

u2o
; ( 5.13)

ddd ddd ŒŒŒ±±± �� � ÑÑÑ
d� 2

dt
= b� � 2� 2 + a � exp(�

t
� 1

); ( 5.14)

ééé •• • §§§ ( 5.24)¦¦ ¦ )) ) §§§ �� � ÑÑÑ � 2

� 2 =
b�2(� 1 � � 2) + a� 1� 2exp(� t

� 1
)

� 1 � � 2
+ c02exp(�

t
� 2

) ( 5.15)

½½½ ÂÂÂ � ´´ ´ ooo ÑÑÑ •• • �� �>> >�� � ÇÇÇ (ÑÑÑ •• • �� � 666 „„ „ •• • u l/h):

� =
u1o� 1 + u2o� 2

u1o + u2o
; ( 5.16)

•• • ªª ª ŒŒŒ�� � ÑÑÑ •• • ooo �� �>> > {{ { ÇÇÇ :

R =
1
�

=
u

u1o� 1 + u2o� 2
; ( 5.17)

5.4.2 ÀÀÀ zzz XXX ÚÚÚÊÊÊ ŽŽŽ óóó ŠŠŠ

�� � ÀÀÀ zzz XXX ÚÚÚÊÊÊ ŽŽŽ óóó ŠŠŠ §§§ ééé NNN ÈÈÈ V1,ddd žžž � mb = � 1;

d(0:5� 1) =
0:5(� mb � � 1)u1i dt

V1
+ k1dt ( 5.18)

•• • §§§ 5.18CCC •• •

d(0:5� 1) = k1dt; ( 5.19)

ééé •• • §§§ 5.19??? 111 ÈÈÈ ©©© §§§ ŒŒŒ�� � 5.20

� 1 = 2k1t + c01; ( 5.20)
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ééé uuu NNN ÈÈÈ V2§§§ � 2 = � mb;

d(0:5� 2) =
0:5uc(� 1 � � 2)

V2
dt + k2dt ( 5.21)

d� 2

dt
=

ucc01 + 2k2V2

V2
+

2k1uc

V2
t �

uc

V2
� 2; ( 5.22)

½½½ ÂÂÂ

a1 =
ucc01 + 2k2V2

V2
; a2 =

2k1uc

V2
; a3 =

uc

V2
; ( 5.23)

ŒŒŒ�� � ÑÑÑ
d� 2

dt
= a1 + a2t � a3� 2; ( 5.24)

¦¦ ¦ )) ) •• • §§§ ( 5.24)§§§ ŒŒŒ�� � � 2

� 2 =
a1a3 � a2

a2
3

+
a2

a3
t + c02exp(� a3t); ( 5.25)

� =
u1o� 1 + u2o� 2

u1o + u2o
; ( 5.26)

•• • ªª ª ŒŒŒ¦¦ ¦ �� � ÑÑÑ •• • ooo �� �>> > {{ { ÇÇÇ :

R =
1
�

=
u

u1o� 1 + u2o� 2
; ( 5.27)

5.4.3 ¢¢¢ �� � �� � LLL §§§

333 ccc ¡¡ ¡ ·· · ‚‚ ‚ ®®® ²² ²00 0 �� � LLL tyvek �� � || | eee (ããã 5.8)§§§ eee ããã 5.19www ««« �� � tyvek›› › ¤¤¤ �� � •• • •• • NNN

(( ( �� � §§§ ††† þþþ •• • �� � ššš §§§ ††† »»» ŒŒŒVVV •• • 23ff f ’’ ’ §§§ ŒŒŒ±±± 444 PMT �� � 111 ÒÒÒ 444 ÏÏ Ï LLL (PMT ††† »»» �� �

•• • 20cm)"" " ÓÓÓ �� � 333 .. . ¡¡ ¡ •• • kkk ˜˜ ˜ ‡‡‡ ššš (ããã 5.20¥¥¥ ŒŒŒ±±± www �� � )§§§ ††† »»» 333 23ff f ’’ ’ ††† mmm §§§ .. . ¡¡ ¡

�� � PMT ŒŒŒ±±± ??? \\ \ SSS YYY ‡‡‡ "" " ããã 5.20¤¤¤ ««« (a)ããã ´´ ´ 333 || | eee ‡‡‡ ˜˜ ˜ \\ \ YYY ‡‡‡ žžž §§§ kkk ‡‡‡ ˜˜ ˜ \\ \ �� �     

˜˜ ˜ §§§ ,, , �� � •• •ee e £££ ÄÄÄ §§§ ããã (b)¥¥¥ ¤¤¤ ««« �� � •• • •• • ªª ª �� �      ˜˜ ˜ §§§ ¦¦ ¦ üüü ‡‡‡ PMT �� � 111 ÒÒÒ 444 ÑÑÑ ³³ ³ ÑÑÑ 555 §§§

ééé XXX SSS YYY ‡‡‡ "" "

¢¢¢ �� � ¥¥¥ kkk òòò || |      tyvek �� � ØØØ CCC ggg || | eee ??? 111 ˜̃̃ WWW§§§ ^̂̂ ßßß ’’ ’ ‹‹‹ ��� ÅÅÅ ��� ���// / ••• §§§ ¦¦ ¦ þþþ ¦¦¦

ÅÅÅ �� � �� �// / •• • 111 www §§§ vvv kkk ff f eee §§§ ˜˜ ˜ •• • ¡¡ ¡ •• • 

 
 ““ “ ŽŽŽ )) ) CCC §§§ ,, , ˜˜ ˜ ••• ¡¡ ¡ ŒŒŒ±±± ¦¦ ¦ || | eee ˜̃̃ WWW�� � '''

�� � ZZZ ÀÀÀ §§§ ˜˜ ˜ \\ \ YYY ‡‡‡ �� � žžž ÿÿÿ ~~~ �� � ééé YYY ‡‡‡ �� � ÀÀÀ // / "" " ,, , ��� ^̂̂ ff f ŒŒŒòòò LLL ¡¡ ¡ ØØØ ZZZ ÀÀÀ ���/ // •• • ˜˜ ˜ WWW

ZZZ ÀÀÀ §§§ •• • �� � ¦¦ ¦ ^^^ ‡‡‡ XXX YYY 555 ééé �� � ‡‡‡ || | eee ??? 111 ÀÀÀ WWW"" " 333 ˜̃̃ WWW�� � LLL §§§ ¥¥¥ §§§ ØØØ UUU ^̂^ ÃÃÃ ††† �� � ���

>>> ¹¹ ¹ ØØØ CCC ggg §§§ ùùù ¬¬¬ ¦¦ ¦ÃÃ Ã þþþ �� � ÀÀÀ // / ÔÔÔ NNN XXX 333 ØØØ AAA ggg þþþ §§§ ggg eee ˜̃̃ \\ \ YYY ¥¥¥ §§§ •• • ªªª ¦¦¦ �� � YYY ‡‡‡

¥¥¥ �� � ‡‡‡ XXX YYY �� � ÀÀÀ // / §§§ ÃÃÃ þþþ II I •• • þþþ ˜˜ ˜ ggg 555 ��� ÃÃÃ @@@§§§ ±±± ��� ±±± ||| eee �� � ˜̃̃ '' ' """

�� � XXX eee ˜˜ ˜ ÚÚÚ ‡‡‡ òòò tyvekÑÑÑ �� � ½½½ 333 || | eee þþþ §§§ tyvek•• • 1’’ ’ °° ° §§§ òòò tyvek333 || | eee �� � ooo ±±±

ŒŒŒååå 555 §§§ ,, , �� � ^^^ PE›› › ¤¤¤ �� � SSS ‘‘ ‘ 555 òòò tyvek �� � ½½½ (XXX ããã 5.21¤¤¤ ««« )§§§ ,, , �� � 333 ýýý ¡¡ ¡ ††† .. . ¡¡ ¡
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ããã 5.19: ��� OOO ��� tyvek††† ||| eee ��� ««« ¿¿¿ ããã

ããã 5.20: (a)||| eee fff ˜˜˜ \\\ YYY ‡‡‡ ¥¥¥ ���     ˜˜˜ ;(b) ||| eee
˜˜˜ \\\ YYY ‡‡‡ ••• ªªª ���     ˜˜˜

ˆˆ ˆ mmm ˜˜ ˜ ‡‡‡ ††† »»» �� � 23ff f ’’ ’ �� � ˜˜ ˜ §§§ XXX ããã 5.22¤¤¤ ««« "" " ¦¦¦ ^̂̂ ‡‡‡ XXX YYY òòò ��� ‡‡‡ || | eee ††† tyvekÀÀÀ

WWW2�� � 3HHH "" "

ããã 5.21: ��� 333 òòò tyvek��� ½½½ 333 ||| eee þþþ

ããã 5.22: tyvekŒŒŒ¢¢¢ ��� ••• ••• NNN

�� � rr r || | eee ˜˜ ˜ WWWZZZ ÀÀÀ žžž §§§ ^^^ LLL •• • LLL òòò ||| eee ………………// / ˜̃̃ \\ \ YYY ‡‡‡ ¥¥¥ §§§ ��� || | eee ��� •• • eee ààà ¯̄̄

‡‡‡ ˜˜ ˜ �� � ppp YYY ‡‡‡ .. . „„ „ kkk 10ff f ’’ ’ ††† mmm �� � žžž ÿÿÿ §§§ ŒŒŒ±±±££ £ ÄÄÄ || | eee �� � �� � ½½½�� �      ˜˜ ˜ §§§ ¦¦ ¦ .. . ÜÜÜ ±±± 999

ýýý ¡¡ ¡ �� � PMT �� � 111 ÒÒÒ 444 ÑÑÑ 333 SSS YYY ‡‡‡ ¥¥¥ "" " •• • �� � òòò tyvek‰‰‰¤¤¤ �� � þþþ XXX �� � ½½½ 333 ||| eee þþþ (ããã ??)§§§

þþþ XXX þþþ ¡¡ ¡ kkk 10ff f ’’ ’ �� � YYY "" " •• • �� � òòò YYY ‡‡‡ ��� þþþ XXX SSS CCC ��� ½½½ §§§ ,,, �� � ÚÚÚ mmm ©©© üüü NNN ÈÈÈ ÌÌ Ì ‚‚ ‚ ˜̃̃

�� � §§§ ééé YYY ‡‡‡ ??? 111 �� � µµµ "" "

††† ddd ÓÓÓ žžž òòò ÌÌ Ì ‚‚ ‚ XXX ÚÚÚ ‹‹ ‹ mmm §§§ �� � ÀÀÀ zzz XXX ÚÚÚ '' ' 444 §§§ 444 ‡‡‡ XXX YYY ±±± 18 l/min �� � „„ „ ÝÝÝ ???
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111 12‡‡‡ �� � žžž ††† mmm �� � ÌÌ Ì ‚‚ ‚ §§§ ¦¦ ¦ ‡‡‡ XXX YYY ††† ### ˜˜ ˜ \\\ �� � ||| eee ±±± 999 tyvek??? 111 ¿¿¿ ©©© ��� �� � >>> ÚÚÚ

ÌÌ Ì ‚‚ ‚ §§§ •• • ªª ª �� �>> > {{ { ÇÇÇ 333 1 M
 �cm††† mmm "" " ddd žžž ‹‹ ‹ mmm ·· · KKK §§§ ééé YYY ??? 111 ÀÀÀ zzz §§§ 666 „„ „ 333 11

l/min ††† mmm "" " www >>> {{ { ÇÇÇ ‘‘ ‘ žžž mmm �� � CCC zzz œœœ¹¹ ¹ "" "

ããã 5.23: ||| eee ��� ˜˜˜ ??? YYY ‡‡‡ ¥¥¥ """
ããã 5.24: ||| eee ��� þþþ XXX """

5.4.4 ¢¢¢ �� � �� � êêê âââ ©©© ÛÛÛ ÚÚÚ (( ( JJJ

5.4.4.1 ‘‘‘ Tyvek ��� ||| eee ˜˜˜ \\\ YYY ‡‡‡ ��� ((( JJJ

�� � tyvek˜˜ ˜ \\ \ YYY ‡‡‡ ±±± �� � §§§ ®®® •• • V1 =2600 l§§§ V2=1400 l§§§ ooo �� � ÌÌ Ì ‚‚ ‚ „„ „ ÝÝÝ •• • u= 11.5

l/min "" " ÿÿÿ þþþ �� � (( ( JJJ XXX ããã 5.25¤¤¤ ««« §§§ ééé ¢¢¢ ��� êêê âââ �� � [[[ ÚÚÚ ¦¦ ¦ ^^^ VVV NNN ÈÈÈ ÌÌÌ ‚‚‚ �� � �� � ... §§§

^^^ u1i §§§ u1o§§§ k1§§§ k2§§§ c01§§§ c02888 ‡‡‡ ëëë êêê �� � [[ [ ÜÜÜ ¢¢¢ �� � �� � êêê âââ §§§ XXX ããã ¤¤¤ ««« §§§ ÏÏ Ï LLL [[ [ ÜÜÜ ·· ·

‚‚ ‚ ŒŒŒ±±± �� � �� � ùùù 6‡‡‡ ëëë êêê �� �éé é AAA �� � ŠŠŠ "" " ®®® •• • ooo �� � ÌÌ Ì ‚‚ ‚ „„ „ ÝÝÝ •• • 11.5 l/min; ddduu u u1i =10.3

l/min §§§ ŒŒŒ•• • u2i =1.2 l/min; u1o=9.8 l/mi §§§ ŒŒŒ•• • u2o= 1.7 l/min §§§ uc=0.5 l/min ¶¶¶ uc 6= 0"" " ÏÏ Ï

ddd SSS 		 	 NNN ÈÈÈ ƒƒƒ mmm ´´ ´ kkk YYY ƒƒƒ ppp 666 ÄÄÄ�� � §§§ 

 
 ………´´ ´ ddd SSS ••• 			 666 ÄÄÄ §§§ •• • ÒÒÒ ´́́ SSS ÜÜÜ ��� ÌÌÌ ‚‚ ‚ �� � „„„

ÝÝÝ ‡‡‡ '' ' 		 	 ÜÜÜ YYY ‡‡‡ ¯¯ ¯ "" " SSS YYY ‡‡‡ �� �>> > {{ { ÇÇÇ JJJ ppp �� � ¯¯ ¯ §§§ 

 
 		 	 YYY ‡‡‡ �� �> >> {{ { ÇÇÇ JJJ ,,, �� � úúú "" " ÓÓÓ

žžž �� ��� � 

 
 k1ÚÚÚ k2�� � êêê ŠŠŠ §§§ k1=1.38� 10� 3 mg/(l �h)§§§ •• • SSS YYY ‡‡‡ üüü      žžž mmm SSS ÛÛÛ ÑÑÑ ÔÔÔ ŸŸŸ �� � ßßß

ÝÝÝ §§§ k2=2.05� 10� 3 mg/(l �h) •• •		 	 YYY ‡‡‡ üüü      žžž mmm SSS ÛÛÛ ÑÑÑ ÔÔÔ ŸŸŸ ��� ßßß ÝÝÝ """ ll l ããã ¥¥¥ ŒŒŒ±±± www ÑÑÑ

•• • ªª ª ˆˆ ˆ �� � ²² ² �� � �� �>> > {{ { ÇÇÇ •• • 12M
 �cm††† mmm "" "
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ããã 5.25: ééé uuu VVV NNN ÈÈÈ ÌÌÌ ‚‚‚ ��� êêê âââ ÚÚÚ ��� ... ��� [[[ ÜÜÜ ��� ((( JJJ

5.4.4.2 òòò ØØØ CCC ggg ††† ˜˜˜ \\\ YYY ‡‡‡ ��� ((( JJJ

ŒŒŒæææ �� � ¥¥¥ %%% &&& ÿÿÿ ìì ì ggg -- - 		 	 LLL ¡¡ ¡ æææ ‡‡‡ �� � ÇÇÇ �� � ppp �� � æææ ��� kkk || | uuu 111 ff f �� � ÂÂÂ 888 §§§ ,, , 			

„„ „ ŒŒŒ±±± ““ “ CCC §§§ ddduu u ¥¥¥ %%% &&& ÿÿÿ ìì ì II I ‡‡‡ EEE �� � 333 YYY ¥¥¥ §§§ •• • 333 		 	 ¡¡ ¡ ��� æææ �� � �� �é éé YYY ÀÀÀ // / �� � ¯̄̄

KKK "" " ùùù ppp ·· · ‚‚ ‚ ^^^ ˜˜ ˜ ¬¬¬ ¡¡ ¡ ÈÈÈ •• • 0.8²² ² ’’ ’ ��� ØØØ CCC ggg ††† ŠŠŠ ••• �� � ¬¬¬ §§§ ééé ÙÙÙ ��� ‡‡‡ ¡¡¡ ��� æææþþþ 

 
 ÍÍ Í %%%

ÖÖÖ (kkk ŒŒŒUUU �� � ¢¢¢ �� � ^^^ �� ��� � ÖÖÖ )§§§ òòò ÙÙÙ ˜˜ ˜ \\ \ YYY ‡‡‡ ¥¥¥ §§§ ÿÿÿ þþþ YYY ‡‡‡ ¥¥¥ YYY �� �>> > {{ { ÇÇÇ ´´ ´ ÄÄÄ ¬¬¬ ÏÏÏ •••

õõõ 

 
 ùùù ¬¬¬ �� � 

 
 æææ�� � �� � ggg ††† 

 
uu u )) ) CCC zzz """

ããã 5.26: ��� ‡‡‡ ¡¡¡ ÑÑÑ CCCXXX kkk ÍÍÍ %%% ÖÖÖ ��� ØØØ CCC ggg ††† §§§ ccc ††† ��� ¡¡¡ ÈÈÈ ••• 0.8²²² ’’’

�� � ggg ††† ˜˜ ˜ \\ \ ƒƒƒ �� � §§§ ^^^ ÓÓÓ �� � �� � ÌÌ Ì ‚‚ ‚ „„ „ ÝÝÝ u=11.5 l/min §§§ ÿÿÿ þþþ 

 
 >>> {{ { ÇÇÇ ll l 1M
 �cmmmm ©©©

þþþ ,, , �� � ­­ ­ ‚‚ ‚ §§§ •• • ªª ª �� � ˆˆ ˆ ²² ² �� � �� �>> > {{ { ÇÇÇ •• • UUU 

 
 �� � 8M
 �cm††† mmm (ããã 5.27)§§§ ddduu u ØØØ CCC ggg †††

�� � ˜˜ ˜ \\ \ ¦¦ ¦ �� � �� � ‡‡‡ YYY ‡‡‡ ¥¥¥ •• • ªª ª YYY ˆˆ ˆ ¯¯ ¯ �� �>> > {{ { ÇÇÇ eee üüü 4M
 �cm§§§ === ggg ††† ��� ˜˜ ˜ \\ \ ééé YYY �� �>> > {{{
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ÇÇÇ KKK •• • ššš ~~~ ŒŒŒ"" " •• • 

 
 yyy ¢¢¢´´ ´ �� � �� � ddduu u ggg ††† EEE ¤¤¤ >>> {{{ ÇÇÇ �� � eee üüü §§§ ·· · ‚‚‚ òòò ggg ††† <<< ÑÑÑ YYY ‡‡‡

�� � §§§ òòò YYY ‡‡‡ ááá === ———µµµ 222 ggg ??? 111 ÿÿÿ þþþ """ ããã 5.28¤¤¤ ««« •• • ggg ††† <<< ÑÑÑ YYY ‡‡‡ ccc ��� ��� YYY ‡‡‡ >>> {{{ ÇÇÇ

�� � CCC zzz œœœ¹¹ ¹ §§§ ŒŒŒ±±± ˜˜ ˜ ÙÙÙ �� � www �� � YYY ‡‡‡ SSS �� �>> > {{ { ÇÇÇ 333333 ggg ††† �� � <<< ÑÑÑ �� � ××× „„ „ �� � þþþ ,,, §§§ •• • ppp

:: : ®®® �� � 

 
 12M
 �cm§§§ qqq ŒŒŒ±±± ¡¡ ¡ EEE �� � •• • kkk tyvek|| | eee �� � œœœ¹¹ ¹ "" " ÏÏÏ ddd ÒÒÒ ´´ ´ ÏÏÏ •• • ggg ††† ��� ˜˜ ˜ \\\

KKK •• • 

 
 �� � ‡‡‡ YYY ‡‡‡ YYY �� �>> > {{ { ÇÇÇ "" "

ããã 5.27: æææ kkk ÍÍÍ %%% ÖÖÖ ��� ggg ††† ˜˜˜ \\\ YYY ‡‡‡ ��� ��� ÿÿÿ þþþ ­­­ ‚‚‚

ããã 5.28: æææ kkk ÍÍÍ %%% ÖÖÖ ��� ggg ††† ˜˜˜ \\\ ††† <<< ÑÑÑ ��� ���>>> {{{ ÇÇÇ ��� ��� OOO

5.5 ááá ��� ††† YYY ooo NNN 555 ��� ïïï ÄÄÄ

þþþ ¡¡ ¡ ·· · ‚‚ ‚ ÏÏ Ï LLL ¢¢¢ �� � ÚÚÚ ÌÌÌ ‚‚ ‚ �� � ... �� � ïï ï ÄÄÄ §§§ �� �� �� ˜˜ ˜ ‡‡‡ kŠŠŠ §§§ ��� ùùù ‡‡‡ ŠŠŠ ´´ ´ ééé ˜̃̃ ‡‡‡ YYY ‡‡‡

�� � NNN GGG ¹¹ ¹ �� � LLL �� � §§§ eee ¡¡ ¡ ÏÏ Ï LLL ééé k��� ïï ï ÄÄÄ §§§ 555 ïïï ÄÄÄ ááá �� � ††† ‡‡‡ XXX YYY ooo NNN 555 ¯̄̄ KKK §§§ === ááá ���

ééé ‡‡‡ XXX YYY ÀÀÀ // / ŒŒŒ�� � �� � ¯¯ ¯ KKK "" " ·· · ‚‚ ‚ ÑÑÑ •• • �� � ¢¢¢ �� � ¥¥¥ YYY ‡‡‡ ááá �� � �� � LLL ¡¡ ¡ UUU ØØØ äää�� � ÛÛÛ ÑÑÑ ÔÔÔ ŸŸŸ ÀÀÀ

// / YYY §§§ 

 
 ÛÛÛ ÑÑÑ ÔÔÔ ŸŸŸ �� �õõ õ �� � �� � '' ' ††††† † YYY �� � >>> ááá �� � �� � LLL ¡¡ ¡ ÈÈÈ §§§ ÏÏ Ï ddd ·· · ‚‚ ‚ ŒŒŒ±±± •• • �� � 333 YYY
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‡‡‡ ¥¥¥ PP´´ ´ YYY �� � •• • ÌÌ Ì ‡‡‡ �� � ÀÀÀ /// 


 "" " ··· ‚‚ ‚ ½½½ ÂÂÂ 

 
 ˜˜ ˜ ‡‡‡ ŒŒŒ±±± LLL �� � ááá ��� '' 'À ÀÀ §§§ ÝÝÝ��� þþþ ÀÀÀ ///

ŠŠŠ Pv§§§ üüü     •• • mg/( m2�h)"" " 333 ÌÌ Ì ‚‚ ‚ �� � .. . ¥¥¥ ^^^ �� ��� � kŠŠŠ ÒÒÒ �� � uuu µµµ

k = Pv
S
V

( 5.28)

5.5.1 YYY ‡‡‡ �� � .. .

333 ccc ¡¡ ¡ ·· · 000 �� � 

 
 '' ' uuu �� � NNN ÈÈÈ �� � ÌÌÌ ‚‚ ‚ ��� .. . §§§ ÚÚÚ VVV NNN ÈÈÈ ��� ÌÌ Ì ‚‚‚ �� � ... §§§ yyy 333 ·· · ‚‚‚ rr r üüü

NNN ÈÈÈ ÌÌ Ì ‚‚ ‚ �� � œœœ¹¹ ¹ ½½½ ÂÂÂ •• • œœœ¹¹ ¹ (a)§§§ rr r ‘‘ ‘ kkk tyvek|| | eee ˜˜ ˜ XXX YYY ‡‡‡ �� � �� � ÌÌ Ì ‚‚ ‚ œœœ¹¹ ¹ ½½½ ÂÂÂ •• • œœœ

¹¹ ¹ (b)§§§ rr r ææækkk ÍÍ Í %%%ÖÖÖ æææ�� � �� � ØØØ CCC ggg ††† ˜˜ ˜ \\ \ �� � œœœ¹¹ ¹ ½½½ ÂÂÂ •• • œœœ¹¹ ¹ (c)§§§ ŒŒŒ�� � XXX eee nnn ‡‡‡ '' ' XXX

ªª ª µµµ

ka = kP P + kP MT bulb + kcirsys ; ( 5.29)

kb = ka + ( ksteel + ktyvek ); ( 5.30)

kc = kb + kF CC ; ( 5.31)

ùùù ÙÙÙ ¥¥¥ ka•• • ½½½ ÂÂÂ üüü NNN ÈÈÈ ÌÌ Ì ‚‚ ‚ žžž üüü      žžž mmm SSS YYY ‡‡‡ ¥¥¥ YYY �� � lll ff f ßßß ÝÝÝ�� � OOO \\ \ §§§ ÙÙÙ ¥¥¥ kP P½½½

ÂÂÂ •• • 555 ggg uuu YYY ‡‡‡ �� � �� � zzz §§§ kP MT bulb½½½ ÂÂÂ •• • 555 ggg uuu PMT �� � ÀÀÀ æææ�� � �� � zzz §§§ kcirsys ½½½ ÂÂÂ •• • ÌÌ Ì

‚‚ ‚ XXX ÚÚÚ �� � �� � zzz (•• • )) ) 

 
 +++ ´´ ´ §§§ NNN ìì ì �� �� �� �� � zzz )"" " 

 
 ÙÙÙ ¥¥¥ kbÒÒÒ ´´ ´ �� � rr r ØØØ CCC ggg || | eee ˜˜ ˜ \\ \ �� �

üüü      žžž mmm SSS YYY ‡‡‡ ¥¥¥ YYY �� � ll l ff f ßßß ÝÝÝ�� � OOO \\ \ §§§ ÏÏ Ï ddd 333 (a)œœœ¹¹ ¹ ¥¥¥ õõõ 

 
 ØØØ CCC ggg ÚÚÚ tyvek �� � �� �

zzz §§§ ÏÏ Ï ddd ·· · ‚‚ ‚ ½½½ ÂÂÂ 

 
 ksteel ÚÚÚ ktyvek 555 LLL ««« ØØØ CCC ggg ÚÚÚ tyvek �� � �� � zzz ;333 kc¥¥¥ ·· · ‚‚ ‚ 333 kb�� � ÄÄÄ

:: : þþþ •• • )) ) 

 
 ÍÍ Í %%%ÖÖÖ �� � �� � zzz (kF CC )"" "

LLL 5.1: ÔÔÔ ŸŸŸ ††† YYY ��� >>> ��� LLL ¡¡¡ ÈÈÈ ¶¶¶ ¡¡¡ ÈÈÈ NNN ÈÈÈ ''' S=V§§§ ÙÙÙ ¥¥¥ ¡¡¡ ÈÈÈ ��� üüü     m2§§§ NNN ÈÈÈ ��� üüü     m� 3

Substance S(m2) S=V

PP(YYY ‡‡‡ ��� LLL ¡¡¡ ÈÈÈ ) 12.96 3.24

PE(tyvek ááá ��� ) 24.8 4.2

SS(ØØØ CCC ggg ||| eee ) 3.82 0.955

PMT ��� ÀÀÀ æææ 0.24 0.06

FCC( ÍÍÍ %%% ÖÖÖ ��� ¡¡¡ ÈÈÈ ) 1.6 0.4

LLL 5.1¤¤¤ ««« •• • YYY ‡‡‡ ¥¥¥ ˆˆ ˆ ««« ááá �� � ††† YYY �� � >>> �� � LLL ¡¡ ¡ ÈÈÈ ±±± 999 ¡¡ ¡ ÈÈÈ NNN ÈÈÈ '' ' §§§ 333 ããã 5.4¥¥¥ ·· ·

‚‚ ‚ •• • �� � ˆˆ ˆ ««« ááá �� � �� � ƒƒƒ ééé uuu ØØØ CCC ggg �� � ÀÀÀ /// ŠŠŠ §§§ ùùù ppp ·· · ‚‚ ‚ bbb �� � ØØØ CCC ggg �� � ÀÀÀ /// ŠŠŠ ••• x§§§ @@@

ooo PP§§§ PE§§§ PMT ÀÀÀ æææ �� � ÀÀÀ // / ŠŠŠ ©©© OOO ••• 0.138x§§§ 0.287x§§§ 0.076x§§§ ÍÍ Í %%% ÖÖÖ �� � ÀÀÀ // / ŠŠŠ ½½½ ÂÂÂ

•• • PF CC "" "

ddd ddd ±±± þþþ �� � nnn •• • §§§ CCC •• • µµµ

ka =
SP P � 0:138x

Vtank
+

SP MT bulb � 0:076x
Vtank

+ kcirsys ; ( 5.32)



98 111 5 ÙÙÙ YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ììì ��� ... ��� ïïï ÄÄÄ

kb = ka + (
Ssteel � x

Vtank
+

Styvek � 0:287x
Vtank

); ( 5.33)

kc = kb +
SF CC � PF CC

Vtank
; ( 5.34)

^^^ •• • §§§ ( 5.33)-( 5.32)ŒŒŒ�� � µµµ

kb � ka = (
Ssteel � x

Vtank
+

Styvek � 0:287x
Vtank

); ( 5.35)

kc � kb =
SF CC � CF CC

Vtank
; ( 5.36)

ÏÏ Ï LLL ccc ¡¡ ¡ �� � ÌÌ Ì ‚‚ ‚ �� � .. . �� � ïï ï ÄÄÄ §§§ ®®® •• • (( ( JJJ XXX eee : ka = 0:8 � 10� 3mg=(l � h);

kb1 = 1:38� 10� 3mg=(l � h);

kb2 = 2:05� 10� 3mg=(l � h);

kb = kb1 � V1+ kb2 � V2
V1+ V2

= = 1:61� 10� 3mg=(l � h);

kc1 = 5:0 � 10� 3mg=(l � h);

kc2 = 6:0 � 10� 3mg=(l � h);

kc = kc1 � V1+ kc2 � V2
V1+ V2

= 5:35� 10� 3mg=(l � h);

ŒŒŒ±±± ¦¦ ¦ ÑÑÑ µµµ

x = PSS = 30ng=(cm2 � h); ( 5.37)

PP P = 4:1ng=(cm2 � h); ( 5.38)

PF CC = 935ng=(cm2 � h) = 31 � PSS; ( 5.39)

(( ( JJJ XXX eee LLL 5.2¤¤¤ ««« §§§ ¤¤¤ ^̂̂ ��� ùùù ««« æææ�� � ÍÍ Í %%%ÖÖÖ §§§ ééé YYY �� � ÀÀÀ /// ééé ŒŒŒ��� §§§ ááá uuu ššš ~~~� ��

�� � ááá �� � §§§ ÏÏ Ï ddd òòò 555 ŒŒŒæææ�� � ØØØ ¬¬¬ ¦¦ ¦ ^^^ ùùù ««« ááá �� � §§§ II I ‡‡‡ ��� ÏÏ Ï ééé ÙÙÙ §§§ aaa .. . ��� ááá �� � """

5.5.2 ŒŒŒæææ�� � YYY ³³ ³ �� �>> > {{ { ÇÇÇ �� � ýýý �� �

ééé uuu ŒŒŒæææ�� � �� � ¢¢¢ �� � §§§ ˜˜ ˜ �� � kkk nnn ‡‡‡ YYY ³³³ §§§ ÙÙÙ ¥¥¥ ˜˜ ˜ ‡‡‡ �� � ::: ÚÚÚ üüü ‡‡‡ CCC :: : §§§ 


 333 YYY ³³ ³ ���

¥¥¥ �� � ˆˆ ˆ ««« ááá �� � �� � ¡¡ ¡ ÈÈÈ NNN ÈÈÈ '' ' §§§ XXX LLL 5.3¤¤¤ ««« §§§ ††† YYY ��� >>> �� � ááá �� � ••• ))) µµµ YYY ³³³ �� � þþþ LLL ¡¡ ¡———

µµµ XXX §§§ ŒŒŒ^^^ PEááá �� � ›› › ¤¤¤ ��� ��� ¶¶¶ YYY ³³ ³ �� � SSS ŸŸŸ §§§ ÏÏÏ ••• YYY ³³ ³ 333 ìì ì ÉÉÉ eee §§§ ooo ±±± ÑÑÑ ´´ ´ YYY YYY ��� ÓÓÓ

ååå 555 �� � §§§ ‡‡‡ XXX YYY ØØØ UUU ††† �� � ††† YYY YYY �� � >>> §§§ II I ‡‡‡ SSS ŸŸŸ §§§ ^̂̂ ØØØ CCC ggg ½½½ ööö aaa qqq uuu ��� æææÖÖÖ NNN XXX
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LLL 5.2: AAA ««« ''' ��� ��� ��� ááá ��� ƒƒƒ ééé uuu ØØØ CCC ggg ��� ÀÀÀ /// ŠŠŠ

Material pollution value

ØØØ CCC ggg 1.0

MMM ààà ÅÅÅ ¯̄¯ LLL +++ (PVC) 4.25

••• ààà ÅÅÅ ¯̄¯ LLL +++ (PVC) 4.46

ÍÍÍ “““ ��� +++ 10.66

ùùù “““ ��� +++ 16.44

ÍÍÍ %%% ÖÖÖ (ØØØ CCC ggg þþþ ¤¤¤ ^̂^ aaa ... ) 31

uuu YYY YYY þþþ ¶¶¶ ¥¥¥ ‡‡‡ ff f &&& ÿÿÿ ììì �� � ØØØ CCC ggg --- §§§ �� � :: :�� � YYY ³³³ ••• 4‡‡‡ §§§ CCC :: : 2‡‡‡ ¶¶¶ YYY êêê ÕÕÕ ………ÅÅÅ &&&

ÿÿÿ ìì ì ¥¥¥ PMT || | eee •• • ØØØ CCC ggg ¶¶¶ PMT �� � �� � ŒŒŒaaa qqq uuu PE�� � ááá ��� §§§ PMT ccc ¡¡ ¡ �� � ÀÀÀ æææ••• œœœ=== ÀÀÀ

æææ"" " ùùù 

 
 ÑÑÑ •• • ÄÄÄ 333 SSS "" "

LLL 5.3: ŒŒŒæææ ��� ��� CCC ::: ÚÚÚ ��� ::: YYY ³³³ SSS ��� ááá ��� ��� ¡¡¡ ÈÈÈ NNN ÈÈÈ ''' §§§ üüü     m� 1 [98]

ˆ̂ˆ‡ ‡‡ ÜÜÜ ©©© S=V(CCC ::: ) S=V(��� ::: )

YYY ³³³ ��� þþþ ———µµµ XXX 0.116 0.12

YYY ³³³ SSS ŸŸŸ 0.482 0.406

ØØØ CCC ggg --- 0.191 0.236

|||     PMT ��� ||| eee 0.532 0.422

PMT ��� ��� ŒŒŒ 0.0119 0.0098

PMT ccc ¡¡¡ ��� ÀÀÀ æææ 0.03 0.025

5.5.2.1 CCC ::: YYY ³³³

ll l LLL 5.3¥¥¥ ŒŒŒ±±± www �� � PMT �� �.. . ŒŒŒÚÚÚ PMT ÀÀÀ æææ�� � ÜÜÜ ©©© �� � ¡¡ ¡ ÈÈÈ NNN ÈÈÈ '' ' ‹‹ ‹ ÙÙÙ §§§ �� � '' ' ååå 555

ééé �� � §§§ 

 
 ………ááá �� � ÀÀÀ // / ŠŠŠ •• • '' ' �� � �� � §§§ ŒŒŒ�� � ÑÑÑ ùùù üüü ‘‘ ‘ ��� KKK •• • "" " eee ¡¡ ¡ ·· · ‚‚‚ �� � ééé CCC ::: YYY ³³ ³ §§§

www ØØØ ÓÓÓ �� � ááá �� � •• • ªª ª ééé YYY ³³ ³ >>> {{ { ÇÇÇ �� � KKK •• • ��� œœœ¹¹ ¹ """ ·· · ‚‚‚ ¦¦ ¦ ^̂̂ üüü ««« ØØØ ÓÓÓ ��� �� � ˜̃̃ (con�g.A

ÚÚÚ con�g.B) §§§ ÙÙÙ ¥¥¥ üüü ööö •• • ÌÌ Ì ‡‡‡ �� � ØØØ ÓÓÓ ÒÒÒ ´´ ´ 333 YYY ³³ ³ �� � SSS ŸŸŸ ÀÀÀ JJJ þþþ §§§ ˜˜ ˜ ««« ^^^ ØØØ CCC ggg §§§ ,,,

		 	 ˜˜ ˜ ««« bbb �� � ^^^ �� � ÍÍ Í %%%ÖÖÖ ¶¶¶ ,, , ˜˜ ˜ ‡‡‡ ØØØ ÓÓÓ ÒÒÒ ´´ ´ 333 ¥¥¥ %%%&&& ÿÿÿ ìì ì ggg --- 		 	 LLL ¡¡¡ ˜˜ ˜ ««« ••• ØØØ CCC ggg §§§

,, , ˜˜ ˜ ««« �� � ÍÍ Í %%%ÖÖÖ 333 ggg -- - ��� 		 	 LLL ¡¡¡ "" " XXX LLL 5.4¤¤¤ ««« •• • üüü ««« �� � ˜̃̃ ¤¤¤ ¦¦¦ ^̂^ �� � ááá ��� "" " ØØØ ÓÓÓ �� � ���

˜˜ ˜ ŒŒŒ�� ��� � üüü ‡‡‡ kŠŠŠ §§§ ˜˜ ˜ ‡‡‡ •• • 6.43 � 10� 3mg=(l � h),,, , ˜˜ ˜ ‡‡‡ ˜˜ ˜ ‡‡‡ •• • 0.373� 10� 3mg=(l � h)§§§

ƒƒƒ �� � ˜˜ ˜ ‡‡‡ þþþ ??? §§§ •• • ÌÌ Ì ‡‡‡ �� � �� � OOO ˜˜ ˜ ‡‡‡ ÜÜÜ ©©© ¦¦ ¦ ^^^ �� � ´´ ´ ÍÍ Í %%% ÖÖÖ æææ ��� §§§ ˜˜ ˜ ‡‡‡ ÜÜÜ ©©© ¦¦ ¦ ^^^ ØØØ CCC

ggg "" "

ããã 5.29•• • ŒŒŒæææ �� � �� � ÌÌ Ì ‚‚ ‚ XXX ÚÚÚ �� � ««« ¿¿¿ ããã "" " ddd ccc ¡¡ ¡ üüü NNN ÈÈÈ ÌÌ Ì ‚‚ ‚ �� � .. . �� � (( ( JJJ ŒŒŒ••• (•• •
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LLL 5.4: CCC ::: YYY ³³³ ��� ¡¡¡ ÈÈÈ NNN ÈÈÈ ''' S=V üüü     m� 1§§§ ±±± 999bbb ���¦¦¦ ^^^ ��� ááá ���

ˆ̂ˆ‡ ‡‡ ÜÜÜ ©©© S=V(CCC ::: ) ááá ��� (conf ig:A ) ááá ��� (conf ig:B )

YYY ³³³ ��� þþþ ———µµµ XXX 0.116 ààà ¯̄¯ LLL (PE) ààà ¯̄¯ LLL

YYY ³³³ SSS ŸŸŸ 0.482 ÍÍÍ %%% ÖÖÖ ØØØ CCC ggg

ØØØ CCC ggg --- 0.191 ÍÍÍ %%% ÖÖÖ ØØØ CCC ggg

|||     PMT ��� ||| eee 0.532 ØØØ CCC ggg ØØØ CCC ggg

PMT ��� ��� ŒŒŒ 0.0119 ààà ¯̄¯ LLL ààà ¯̄¯ LLL

PMT ccc ¡¡¡ ��� ÀÀÀ æææ 0.03 œœœ=== œœœ===

k(10� 3mg=(l � h)) | 6.43 0.373

ããã 5.29: ŒŒŒæææ ��� ��� YYY ÌÌÌ ‚‚‚ XXX ÚÚÚ """

§§§ 5.40)µµµ

Rtank =
1

� tank
=

1
(� p + 2k� ) + ( � 0 � (� p + 2k� ))exp(� t

� )
( 5.40)

·· · ‚‚ ‚ II I •• • kŠŠŠ §§§ � ŠŠŠ ÚÚÚ YYY >>> {{ { ÇÇÇ �� � ÐÐÐ ŠŠŠ "" " ùùù ppp kŠŠŠ ®®® ²² ² •• • §§§ 


 � ŠŠŠ ··· ‚‚ ‚ kkk ŒŒŒæææ �� � ééé YYY

XXX ÚÚÚ �� � ‡‡‡ ¦¦ ¦ •• • §§§ ééé uuu CCC :: : zzz �� � žžž ÌÌ Ì ‚‚ ‚ ÀÀÀ zzz YYY �� � 666 þþþ •• • 5ëëë §§§ CCC :: :�� � YYY ³³ ³ ooo �� � NNN þþþ

•• • 1232ëëë §§§ ŒŒŒ�� � � =1232./5.=246.4 �� � žžž (� 10UUU )"" " '' ' uuu YYY >>> {{ { ÇÇÇ �� � ÐÐÐ ŠŠŠ ¯¯ ¯ KKK §§§ 333 ŒŒŒæææ�� �

�� � YYY XXX ÚÚÚ �� � ççç II I ©©© ‡‡‡ ¥¥¥ bbb ½½½ ??? \\ \ YYY ³³ ³ YYY �� � ÐÐÐ ŠŠŠ ŒŒŒ±±± ˆ̂̂ �� � 5M
 �cm"" " ll l YYY ‡‡‡ ¢¢¢ ��� (( ( JJJ 555

www §§§ ff fff f // / \\ \ �� � YYY ²² ² LLL ÌÌ Ì ‚‚ ‚ §§§ ÐÐÐ ŠŠŠ 333 1M
 �cm††† mmm "" " ddd ddd §§§ ééé CCC :: : YYY ³³ ³ �� �> >> {{{ ÇÇÇ �� � ýýý

�� � ^^^ üüü ‡‡‡ ÐÐÐ ŠŠŠ �� � ïï ï ÄÄÄ §§§ ããã 5.30¤¤¤ ««« •• • CCC ::: YYY ³³ ³ >>> {{ { ÇÇÇ ��� þþþ ,, , ­­ ­ ‚‚ ‚ §§§ ¦¦¦ ^̂^ ÍÍ Í %%%ÖÖÖ ••• ªªª

ˆˆ ˆ ¯¯ ¯ •• • 0.3M
 �cm§§§ ØØØ CCC ggg �� � •• • ªª ª ˆˆ ˆ ¯¯ ¯ >>> {{ { ÇÇÇ •• • 4.1M
 �cm"" " ÏÏ Ï ddd §§§ ÍÍ Í %%%ÖÖÖ ¦¦ ¦ ^^^ ¬¬¬ ¦¦ ¦ YYY

ŸŸŸ CCC �� � §§§ KKK •• • YYY �� � ÀÀÀ zzz §§§ žžž ÑÑÑ ÀÀÀ zzz �� � äää •• • §§§ OOO \\ \ YYY XXX ÚÚÚ �� � $$$ 111 ¤¤¤ ^̂̂ §§§ ÓÓÓ žžž ØØØ || | uuu ���

±±± YYY �� � '' 'ÀÀ À ÝÝÝ "" "
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*cmW=5 M0sconfig.B

ããã 5.30: CCC ::: YYY ³³³ ��� 333 ØØØ ÓÓÓ ááá ��� ��� ��� ˜˜˜ ØØØ ÓÓÓ ÐÐÐ ŠŠŠ žžž ��� þþþ ,,, ­­­ ‚‚‚ """

LLL 5.5: ��� ::: YYY ³³³ ��� ¡¡¡ ÈÈÈ NNN ÈÈÈ ''' S=V üüü     m� 1§§§ ±±± 999bbb ���¦¦¦ ^^^ ��� ááá ���

ˆ̂ˆ‡ ‡‡ ÜÜÜ ©©© S=V(CCC ::: ) ááá ��� (conf ig:A ) ááá ��� (conf ig:B )

YYY ³³³ ��� þþþ ———µµµ XXX 0.12 ààà ¯̄¯ LLL (PE) ààà ¯̄¯ LLL

YYY ³³³ SSS ŸŸŸ 0.406 ÍÍÍ %%% ÖÖÖ ØØØ CCC ggg

ØØØ CCC ggg --- 0.236 ÍÍÍ %%% ÖÖÖ ØØØ CCC ggg

|||     PMT ��� ||| eee 0.422 ØØØ CCC ggg ØØØ CCC ggg

PMT ��� ��� ŒŒŒ 0.0098 ààà ¯̄¯ LLL ààà ¯̄¯ LLL

PMT ccc ¡¡¡ ��� ÀÀÀ æææ 0.025 œœœ=== œœœ===

k(10� 3mg=(l � h)) | 6.11 0.33

5.5.2.2 ��� ::: YYY ³³³

ééé uuu �� � :: :�� � YYY ³³ ³ §§§ kŠŠŠ ddd LLL 5.5‰‰‰ÑÑÑ §§§ ŒŒŒæææ �� � ééé YYY XXX ÚÚÚ ‡‡‡ ¦¦ ¦ �� � :: : zzz �� � žžž ÌÌ Ì ‚‚ ‚ ÀÀÀ

zzz YYY þþþ •• • 8ëëë §§§ �� � :: : YYY ³³ ³ ooo �� � NNN þþþ •• • 1995.6ëëë §§§ ŒŒŒ•• • � =1995.6/8.=249.4�� � žžž (� 10UUU )"" "

ããã 5.31¤¤¤ ««« •• • �� � :: : YYY ³³ ³ �� �>> > {{ { ÇÇÇ �� � þþþ ,, , ­­ ­ ‚‚ ‚ §§§ ¦¦ ¦ ^^^ ÍÍ Í %%%ÖÖÖ ••• ªª ª ˆˆ ˆ ¯̄̄ >>> {{{ ÇÇÇ •• • 0.3M
 �cm§§§

ØØØ CCC ggg �� � •• • ªª ª ˆˆ ˆ ¯¯ ¯ >>> {{ { ÇÇÇ •• • 4.5M
 �cm§§§ ††† CCC :: : YYY ³³ ³ �� � (( ( JJJ ÄÄÄ �� � þþþ ˜̃̃�� � """

5.6 YYY ‡‡‡ ��� ... &&& ÿÿÿ ììì ééé uuu‰ ‰‰»»» ‚‚‚ � fff ••• AAA ��� ïïï ÄÄÄ

333 111 nnn ÙÙÙ §§§ 111 ooo ÙÙÙ ÌÌ Ì ‡‡‡ ´´ ´ ���[[ [ ïïï ÄÄÄ ŒŒŒæææ�� � ��� YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ììì §§§ ééé uuu &&& ÿÿÿ ìì ì ���

ïï ï ÄÄÄ ÌÌ Ì ‡‡‡ ´´ ´ ééééé é uuu‰‰‰»»» ‚‚ ‚ � ff f •• • AAA �� � ïï ï ÄÄÄ §§§ ÏÏ Ï ddd YYY ‡‡‡ ¢¢¢ �� �•• •‡‡ ‡ ééé uuu &&& ÿÿÿ ìì ì �� � 555 UUU ???

111ïï ï ÄÄÄ §§§ ééé ‰‰‰»»» ‚‚ ‚ �� � � ff f �� � •• • AAA ??? 111ïï ï ÄÄÄ "" " ééé YYY �� � ááá ÂÂÂ •• • ÝÝÝ §§§ tyvek‡‡‡ �� � ÇÇÇ òòò 555 ééé uuu

ŒŒŒæææ�� � '' ' �� � ­­ ­ ‡‡‡ �� � ëëë êêê ??? 111ïï ï ÄÄÄ §§§ ÓÓÓ žžž¦¦ ¦ ^^^ ŒŒŒæææ��� ��� �� �[[ [ ^̂̂ ‡‡‡ 555 ééé ¢¢¢ �� � ��� ((( JJJ ??? 111

ééé '' ' §§§ 222 ggg �� � yyy ^^^ ‡‡‡ �� � ŒŒŒ‚‚ ‚ 555 ÚÚÚ �� � (( ( 555 """
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ããã 5.31: ��� ::: YYY ³³³ ��� 333 ØØØ ÓÓÓ ááá ��� ��� ��� ˜˜˜ ØØØ ÓÓÓ ÐÐÐ ŠŠŠ žžž ��� þþþ ,,, ­­­ ‚‚‚ """

5.6.1 ¢¢¢ �� � �� � ÿÿÿ þþþ (( ( JJJ

5.6.1.1 ééé RRR ††† � fff ��� ïïï ÄÄÄ

ééé uuu � ff f �� � ïï ï ÄÄÄ §§§ ll l •• • {{ { üüü �� � mmm ©©© ÿÿÿ þþþ §§§ ÿÿÿ þþþ AAA ½½½ •• • •• • �� � � ff f §§§ XXX ããã 5.32¤¤¤ ««« §§§

^^^ þþþ eee üüü ¬¬¬ ððð ccc NNN ŠŠŠ •• • >>> uuu &&& ÒÒÒ ��� €€€ §§§ ]] ] ÀÀÀ RRR ††† �� � � fff 555 ‰‰‰ïïï ÄÄÄ §§§ ��� � ff f \\ \ ��� �� � uuu ÑÑÑ

êêê ÕÕÕ ………ÅÅÅ 111 §§§ êêê ÕÕÕ ………ÅÅÅ 111 333 YYY ‡‡‡ SSS DDD ÂÂÂ §§§ ²² ² LLL tyvek �� � �� � ØØØ äää�� � 555 £££ ��� ‡‡‡ ��� §§§ ÙÙÙ ¥¥¥ ˜̃̃

ÜÜÜ ©©© �� � ááá ÂÂÂ KKK §§§ ˜˜ ˜ ÜÜÜ ©©© ÂÂÂ ¥¥¥ PMT §§§ •• • ��� ÏÏ Ï LLL PMT òòò &&& ÿÿÿ ����� � &&& ÒÒÒ ÑÑÑ ÑÑÑ "" " ¢¢¢ �� � žžž �� � YYY

�� �>> > {{ { ÇÇÇ �� � êêê ŠŠŠ 333 13� 14 MOhms*cm§§§ YYY ??? 333 ššš ~~~ '' 'ÀÀ À �� � GGG �� � "" "

ããã 5.32: ÿÿÿ þþþ RRR ††† � fff ��� ««« ¿¿¿ ããã """

1¤¤¤ � ff f ÅÅÅ // / �� � ©©© ÛÛÛ

ããã 5.33¥¥¥ www ««« �� � ¢¢¢ �� � ¥¥¥ �� � ÜÜÜ 666 ããã §§§ �� � ˜˜ ˜ ‡‡‡ � fff ÓÓÓ žžž BBB LLL üüü ¬¬¬ ððð ccc NNN žžž §§§ üüü ¬¬¬ ððð ccc

NNN ‰‰‰ÑÑÑ �� � &&& ÒÒÒ ÏÏ Ï LLL $$$ KKK þþþ OOO ìì ì ,, , �� � 333 ÜÜÜ 666 �� � ‡‡‡ ??? 111 ††† §§§ ‰‰‰ÑÑÑ ˜̃̃ ‡‡‡ €€€ �� � ÀÀÀ ��� PMT �� � &&&
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ÒÒÒ §§§ òòò €€€ ††† &&& ÒÒÒ ÑÑÑ 333 êêê ii i ««« ÅÅÅ ìì ì þþþ PPP ¹¹ ¹ eee 555 §§§ ¤¤¤ ^^^ �� � ««« ÅÅÅ ììì ••• êêê ii i •••; ;; ««« ÅÅÅ ìì ì §§§

¤¤¤ ^^^ ««« ÅÅÅ ìì ìªª ª ÇÇÇ 1GHz§§§ žžž mmm ©©© EEE •• • 1ns§§§ PPP ¹¹ ¹ �� � &&& ÒÒÒ �� � °° ° ÝÝÝ •• • 2us"" " ããã 5.34•• • ««« ÅÅÅ ìì ì PPP

¹¹ ¹ eee 555 �� � ˜˜ ˜ ‡‡‡ ;; ; .. . �� � � ff f �� � ÅÅÅ // / §§§ &&& ÒÒÒ ±±± YYY �� � žžž mmm ššš ~~~•• • §§§ 333 400ns††† mmm §§§ kkk ééé õõõ ���

¸¸ ¸ "" " ùùù ‡‡‡ ÌÌ Ì ‡‡‡ ´´ ´ ÏÏ Ï •• • 111 ff f 333 YYY ‡‡‡ SSS ²² ² ddd tyvek �� � 555 £££ �� � ‡‡‡ �� � EEE ¤¤¤ �� � §§§ ÏÏ Ï ddd ŒŒŒ•• • YYY ‡‡‡

¥¥¥ tyvek �� � ‡‡‡ �� � ÇÇÇ ššš ~~~ ppp §§§ 

 
 ………YYY �� � ááá ÂÂÂ •• • ÝÝÝ ''' �� � ••• §§§ ùùù �� � âââ UUU ¦¦¦ &&& ÒÒÒ •• • žžž mmm ±±± YYY eee

�� � "" " 111 nnn ÙÙÙ ¥¥¥ ééé uuu ^^^ ‡‡‡ �� � uuu �� � ��� žžž ÿÿÿ §§§ ^̂̂ �� � 


 ˜˜ ˜ ‡‡‡ •• • YYY ‡‡‡ žžž mmm ��� êêê âââ §§§ 333 kkk tyvek‡‡‡

�� � �� � œœœ¹¹ ¹ eee §§§ ÂÂÂ ¥¥¥ PMT �� � 111 ff f êêê ††† žžž mmm CCC qqq ¤¤¤ •• • ˜˜ ˜ ‡‡‡ •• • êêê ��� ©©© ÙÙÙ §§§ ··· ‚‚‚ ^^^ ¼¼¼ êêê i(t) 555

LLL ««« ;

i (t) =
1
� 0

e� t
� 0 ( 5.41)

,, , 		 	 II I ‡‡‡ •• • ÄÄÄ PMT �� � �� � �� � žžž mmm ™™™ÄÄÄ §§§ === ÞÞÞ �� � žžž mmm ÞÞÞ ááá §§§ >>> ff f ÆÆÆ¤¤¤ ìì ì ÚÚÚ ååå �� � žžž mmm ™™™

ÄÄÄ §§§ ±±± 999 ððð ccc NNN ŠŠŠ •• • >>> uuu žžž ÚÚÚ ååå �� � €€€ �� � ™™™ÄÄÄ §§§ òòò ùùù 


 ÏÏ Ï ƒƒƒ nnn ÜÜÜ �� � ˜̃̃ ååå §§§ ^̂^ ˜̃̃ ‡‡‡pp p ddd

¼¼¼ êêê 555 LLL �� � ùùù ‡‡‡ žžž mmm �� � ‘‘ ‘ ÑÑÑ �� � AAA g(t):

g(t) =
1

p
2��

e� ( t � t 0 ) 2

2� 2 ( 5.42)

ÙÙÙ ¥¥¥ t0•• • žžž mmm �� � òòò žžž "" " „„ „ kkk ˜˜ ˜ ‡‡‡ II I ‡‡‡ •• • ÄÄÄ �� � ÒÒÒ ´́́ 333 PMT ÑÑÑ ÑÑÑ ààà ÚÚÚ ««« ÅÅÅ ììì �� � ÑÑÑ \\\ ààà ƒƒƒ

mmm �� � RC>>> ´´ ´ §§§ CCC qqq ^^^ ˜̃̃ ‡‡‡ e� t=RC 555 LLL ««« "" " ddd ddd §§§ ··· ‚‚ ‚ ll l ««« ÅÅÅ ììì þþþ ¤¤¤ www �� � PMT ��� &&& ÒÒÒ

ŒŒŒ±±± LLL ««« •• • µµµ

I (t) = i (t) � g(t) �
1

RC
e� t=RC ( 5.43)

ddd ùùù nnn ‡‡‡ ¼¼¼ êêê �� � òòò ÈÈÈ §§§ 555 LLL �� � •• • �� � PMT ÂÂÂ ����� � &&& ÒÒÒ "" "

ããã 5.33: ééé uuu RRR ††† � fff ÅÅÅ /// ÿÿÿ þþþ ��� ÜÜÜ 666 ããã """

ddd ddd ·· · ‚‚ ‚ ŒŒŒ±±± ^^^ ¼¼¼ êêê I(t) 555 LLL ««« PMT ��� &&& ÒÒÒ §§§ ¢¢¢ ��� ^̂^ ««« ÅÅÅ ìì ì PPP ¹¹¹ eee 10000‡‡‡ � ff f �� �

ÅÅÅ // / §§§ òòò ¤¤¤ kkk �� � ÅÅÅ // / ééé AAA žžž mmm �� � ÌÌ Ì ÝÝÝ ƒƒƒ \\ \ �� � ¥¥¥ ²² ² þþþ §§§ •• • �� � �� � ÑÑÑ ˜˜ ˜ ‡‡‡ ²² ² þþþ �� � ˜˜ ˜ ‡‡‡ � ff f

�� � ÅÅÅ // / "" " ããã 5.35††† ããã 5.36ùùù ÚÚÚ �� � ‚‚ ‚ LLL ««« �� � •• • êêê âââ ÅÅÅ // / §§§ ††† ããã •• • .. . ÜÜÜ PMT �� � (( ( JJJ §§§ mmm

ããã •• • ýýý ¡¡ ¡ �� � PMT �� � (( ( JJJ "" " ,, , �� � ·· · ‚‚ ‚ ^^^ ¼¼¼ êêê I(t) ééé ùùù ‡‡‡ ÅÅÅ // / 555 ??? 111 [[ [ ÜÜÜ §§§ ããã ¥¥¥ ŒŒŒ±±±

�� � ÑÑÑ � 0 �� � êêê ŠŠŠ §§§ ddd ddd ·· · ‚‚ ‚ ŒŒŒ±±± (( ( ½½½ &&& ÿÿÿ ìì ì 555 UUU �� � ÐÐÐ €€€ §§§ 333 ÓÓÓ ˜˜ ˜ ‡‡‡ YYY ‡‡‡ ¥¥¥ �� � PMT ���
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ããã 5.34: ««« ÅÅÅ ììì PPP ¹¹¹ eee ��� ˜˜˜ ‡‡‡ � fff ��� ÅÅÅ /// """

üüü ‡‡‡ (( ( JJJ AAA TTT ˜˜ ˜�� � §§§ ††† ããã �� � (( ( JJJ •• • � 0=142ns§§§ mmm ããã �� � (( ( JJJ •• • � 0=138ns§§§ ·· · ‚‚ ‚ �� � ²² ² þþþ

ŠŠŠ 140ns§§§ ééé uuu ØØØ �� � ddduu u [[ [ ÜÜÜ �� � ««« mmm ØØØ ÓÓÓ ùùù ‡‡‡ ŠŠŠ ¬¬¬ kkk ¤¤¤ ™™™ÄÄÄ §§§ CCC zzz 333 5nsƒƒƒ SSS §§§ ddd ddd

ŒŒŒ(( ( ½½½ � 0=(140� 5)ns§§§ YYY ‡‡‡ �� � kkk �� � �� � PPP ~~~ •• • ÝÝÝ •• • L= c
nwater

� tau0=0.3/1.33*140 m= 31.6

m"" " •• • YYY ‡‡‡ �� � ¢¢¢ �� � [88]kkk �� � PPP ~~~ •• • ÝÝÝ •• • 5.7’’ ’ ††† mmm (YYY ‡‡‡ ááá �� � ��� 111 ÆÆÆëëë êêê •• • tyvek‡‡‡ �� � ÇÇÇ

333 92%,YYY �� � ááá ÂÂÂ •• • ÝÝÝ •• • 30’’ ’ )"" " ÏÏ Ï ddd YYY ‡‡‡ �� � .. . &&& ÿÿÿ ìì ì �� � 555 UUU ššš ~~~ ÐÐÐ """

ããã 5.35: ... ÜÜÜ PMT ��� ÅÅÅ /// ††† [[[ ÜÜÜ ��� ((( JJJ
ããã 5.36: ýýý ¡¡¡ ��� PMT ÅÅÅ /// ††† [[[ ÜÜÜ ��� ((( JJJ

2)ééé uuu RRR ††† � ff f �� � UUU ÌÌ Ì �� � ÿÿÿ þþþ

þþþ ¡¡ ¡ ·· · ‚‚ ‚ ééé RRR ††† � ff f �� � )) ) �� � ÅÅÅ // / �� � ©©© ÛÛÛ ïï ï ÄÄÄ §§§ ÄÄÄ �� � þþþ(( ( ½½½ 

 
 YYY ‡‡‡ �� � YYY �� � ááá ÂÂÂ •• •

ÝÝÝ ÚÚÚ tyvek �� � ‡‡‡ �� � ÇÇÇ "" " eee ¡¡ ¡ ·· · ‚‚ ‚ ÌÌ Ì ‡‡‡ ïï ï ÄÄÄ PMT ééé � ff f �� � •• • AAA §§§ �� � � ff f BBB LLL YYY ‡‡‡ �� � PMT UUU



 
 �� � ÂÂÂ �� �õõ õ �� � 111 >>> ff f ��� ¯̄̄ KKK "" " 333 ŒŒŒæææ ��� ééé uuu � ff f ��� &&& ÿÿÿ §§§ ÒÒÒ ´´ ´ ‡‡‡ ‚‚‚ ''' ��� õõõ�� � PMT UUU



 
 �� � ÂÂÂ �� � '' ' �� � õõõ�� � 111 >>> ff f """ ããã 5.37 •• • ¢¢¢ �� � �� � ÜÜÜ 666 ããã §§§ üüü ¬¬¬ ððð ccc NNN ��� ))) €€€ §§§ ††† PMT ���



5.6. YYY ‡‡‡ ��� ... &&& ÿÿÿ ììì ééé uuu‰‰‰ »»» ‚‚‚ � fff ••• AAA ��� ïïï ÄÄÄ 105

&&& ÒÒÒ ˜˜ ˜ ååå xxx \\ \ �� � ADC§§§ •• • �� � 333 >>> MMM þþþ ??? 111 êêê âââ ��� ¼¼¼ �� � """ xxx \\\ �� � €€€ °°° •• • 400ns§§§ ��� yyy ŒŒŒ

ÜÜÜ ©©© �� � &&& ÒÒÒ ŒŒŒ±±± �� � ÂÂÂ 888 �� � "" " ¢¢¢ �� � ¥¥¥ ¤¤¤ ^^^ �� � ADC •• • 2249W.. . �� � ,ooo �� � 2048�� � ,ããã 5.38•• • RRR

††† � ff f BBB LLL žžž .. . ÜÜÜ �� � PMT ÿÿÿ þþþ �� ��� �> >> ÖÖÖ ÌÌÌ §§§ ÌÌ Ì ¥¥¥ •• • 333 ˜̃̃ ‡‡‡ ²² ² www �� � ¸̧̧ §§§ ÏÏÏ LLL ððð ccc NNN >>>

uuu �� � RRR ††† � ff f BBB LLLþþ þ ÝÝÝ •• • 1’’ ’ �� � tyvekŒŒŒ¤¤¤ �� � SSS YYY ‡‡‡ §§§ »»» ,, , •• • ÝÝÝ �� � •• • 1’’ ’ ††† mmm §§§ ddd ¹¹ ¹ ééé

AAAuu u ùùù ‡‡‡ 1’’ ’ �� � »»» ,, , •• • ÝÝÝ §§§ ADC �� � zzz ���é éé AAA •• • 0.25™™™¥¥¥ """ ÏÏ Ï LLL ADC �� �>> > ÖÖÖ &&& EEE §§§ XXX ‡‡‡

•• • �� � PMT UUU 

 
 �� � ÂÂÂ õõõ �� � 111 >>> ff f §§§ II I ééé PMT ??? 111 üüü 111 >>> ff f ��� •• • ÝÝÝ §§§ ••• ÝÝÝ ÑÑÑ ˜̃̃ ‡‡‡ 111 >>> fff

�� �éé é AAA†† † õõõ �� � >>> ÖÖÖ §§§ ÒÒÒ ŒŒŒ±±± �� � ÑÑÑ •• • �� � PMT ��� ÂÂÂ �� �� �� 111 >>> fff êêê """

ããã 5.37: ééé uuu RRR ††† � fff UUU ÌÌÌ ÿÿÿ þþþ ��� ÜÜÜ 666 ããã

histo0
Entries  26928
Mean     1250
RMS     362.1
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ããã 5.38: 333 RRR ††† ��� � fff BBB LLL žžž ADCþþþ ÂÂÂ 888 ������>>> ÖÖÖ ��� &&& EEE

a)ééé uuu PMT üüü 111 >>> ff f �� � •• • ÝÝÝ

111 >>> �� � OOO +++ ´´ ´ ~~~ ^^^ �� � 111 >>> === ††† ììì ‡‡‡ §§§ 111 >>> ��� OOO +++ SSS ÜÜÜ •• • ýýý ˜˜ ˜ §§§ ddd \\\ ��� ÀÀÀ æææII I !!!

111 ÒÒÒ 444 !! ! êêê ‡‡‡ ‹‹ ‹ <<< 444 ÚÚÚ �� � 444 || | ¤¤¤ §§§ óóó ŠŠŠ žžž II I ‡‡‡ ¦¦ ¦ ^̂^ ÜÜÜ ·· · �� � ©©© ØØØ >>> ´́́ ‰‰‰ˆˆ ˆ‡‡‡ >>> 444 JJJ øøø

ppp ØØØ §§§ ±±± ¼¼¼ �� � ¤¤¤ II I �� � 555 UUU "" " 111 >>> �� � OOO +++ �� � óóó ŠŠŠ LLL §§§ ´́́ µµµ 111 ‚‚‚ \\ \ �� � ��� 111 ÒÒÒ 444 §§§ 333 111 ÒÒÒ

444 þþþ �� � )) ) 111 >>> ff f §§§ ùùù 

 
 111 >>> ff f �� � 111 ÒÒÒ 444 ††† 111 ˜˜ ˜ ‹‹ ‹ <<< 444mmm �� �> >> || | ÂÂÂ 888 §§§ ¿¿¿ ��� ))) •• • õõõ� ��
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>>> ff f §§§ >>> ff f UUU YYY 333 >>> || | ŠŠŠ ^^^ eee EEE ÂÂÂ eee ˜˜ ˜ ‡‡‡ ‹‹ ‹ <<< 444 §§§ ¼¼¼ �� � •• • ŒŒŒ�� � OOO ÃÃÃ §§§ ²² ² LLL AAA?? ? ˜˜ ˜ ŒŒŒ

�� � §§§ ll l �� � 444 ÑÑÑ ÑÑÑ �� � ˜˜ ˜ ŒŒŒêêê ‡‡‡ êêê þþþ ??? �� �>> > &&& ÒÒÒ "" " '' ' uuu 111 >>> �� � OOO +++ ééé uuu 111 &&& ÒÒÒ ••• AAA �� �½½½

þþþ £££ ããã §§§ ÚÚÚ ^^^ 1994ccc NIM þþþ ˜˜ ˜ ŸŸŸ ©©© ÙÙÙ ¥¥¥ �� � 111 >>> �� � OOO +++ �� � .. . [99]"" " 333 óóó ŠŠŠ �� � nnn þþþ §§§ ŒŒŒ±±±

rr r 111 >>> �� � OOO +++ ¥¥¥ uuu )) ) �� � LLL §§§ ©©© •• • üüü ÜÜÜ ©©© §§§ === 111 >>> fff ��� )) ) LLL §§§ ÚÚÚ >>> fff �� � OOO LLL §§§ "" " �� � \\\

�� � �� � 111 >>> �� � OOO +++11 1 ÒÒÒ 444 �� � 111éé é ff f žžž (•• • UUU 

 
 �� � )) ) AAA ‡‡‡ 111 >>> ff f )§§§ 111 ˜˜ ˜ ‹‹ ‹ <<< 444 ÂÂÂ 888 ���� ��

111 >>> ff f êêê 888 nÑÑÑ ll l ÑÑÑ tt t ©©© ÙÙÙ µµµ

P(n; � ) =
� ne� �

n!
( 5.44)

ªª ª ¥¥¥ � = mq§§§ m´´ ´ \\ \ �� � �� � 111 ÒÒÒ 444 þþþ �� � ²² ² þþþ 111 fff êêê §§§ q´́´ •• • ¹¹¹11 1 ÒÒÒ 444 uuu ��� ÚÚÚ 111 ˜̃˜ ‹‹ ‹ <<<

444 ÂÂÂ 888 111 >>> ff f üüü ‡‡‡ LLL §§§ �� � nnn ÜÜÜ þþþ ff f �� � ÇÇÇ §§§ ùùù �� � � ÒÒÒ ´´ ´ 111 ˜˜ ˜ ‹‹ ‹ <<< 444 ÂÂÂ 888 �� ��� � 111 >>> ff f �� �

²² ² þþþ êêê 888 "" "

˜˜ ˜ ‡‡‡ 111 >>> ff f ˜˜ ˜ „„ „ ŒŒŒ±±± 333 111 ˜˜ ˜ ‹‹ ‹ <<< 444 þþþ ‹‹ ‹ ÑÑÑ ²² ² þþþ �� � 10‡‡‡ �� � ggg >>> ff f §§§ ²² ² �� � YYY ‹‹ ‹ <<< 444

˜˜ ˜ ŒŒŒÅÅÅ 444 �� � OOO �� � §§§ 333 �� � 444 þþþ ÂÂÂ 888 �� ��� �>> > ff f êêê 888 333 ˜˜ ˜ „„ „ ŒŒŒ±±± �� � 107þþþ ??? §§§ ddd ddd ŒŒŒ±±± CCC qqq

// / @@@•• • 111 >>> �� � OOO +++ ééé üüü ‡‡‡ 111 >>> fff �� � •• • AAA ´´ ´ ˜˜ ˜ ‡‡‡pp p ddd ©©© ÙÙÙ §§§ n‡‡‡ 111 >>> fff 333 111 >>> �� � OOO +++

�� � 444 þþþ �� � )) ) �� � �� � AAA ÒÒÒ ´´ ´ üüü ‡‡‡ 111 >>> ff f �� � AAA ��� òòò ÈÈÈ µµµ

Gn (x; Q1; � 1) =
1

� 1

p
2�n

e
� ( x � nQ 1 ) 2

2n� 2
1 ( 5.45)

ªª ª ¥¥¥ §§§ Q1´´ ´ üüü 111 >>> ff f •• • AAA žžž §§§ 111 >>> �� � OOO +++ �� � 444 þþþ �� � ²² ² þþþ >>> ÖÖÖ ÑÑÑ ÑÑÑ §§§ � 1´´ ´ II I OOO     

�� � §§§ x´´ ´ �� � 444 �� � ÑÑÑ ÑÑÑ >>> ÖÖÖ "" " �� � n ! 0žžž §§§ ùùù ‡‡‡ ©©© ÙÙÙ ªª ª CCC uuu ˜˜ ˜ ‡‡‡ � ¼¼¼ êêê "" " ùùù �� � §§§ vvv kkk DDD

ÑÑÑ �� � nnn ŽŽŽ GGG �� � eee 111 >>> �� � OOO +++ �� � ÑÑÑ ÑÑÑ &&& ÒÒÒ ŒŒŒ±±± LLL ˆˆ ˆ •• • µµµ

Sideal (x; �; Q 1; � 1) = P(n; � )
O

Gn (x; Q1; � 1) ( 5.46)

•• • ÄÄÄ 111 >>> �� � OOO +++ ÑÑÑ ÑÑÑ &&& ÒÒÒ žžž §§§ II I ‡‡‡ ©©© ÛÛÛ ùùù ««« ìì ì ‡‡‡ ��� DDD ÑÑÑ "" " UUU ìì ì &&& ÒÒÒ ÌÌ Ì ©©© ÙÙÙ AAA :: :�� � ØØØ

ÓÓÓ §§§ 111 >>> �� � OOO +++ �� � DDD ÑÑÑ ŒŒŒ±±± ©©© ¤¤¤ üüüaa a "" " ˜˜ ˜ aaa ´´ ´ ddd ¦¦¦ >>> 666 �� � ��� ÏÏ Ï EEE ¤¤¤ �� � §§§ ´́´ ëëë YYY �� � LLL

§§§ §§§ �� � vvv kkk 111 >>> ff f �� � )) )žž ž §§§ EEE ¤¤¤ �� � &&& ÒÒÒ ÌÌ Ì ©©© ÙÙÙ ´´ ´ ppp ddd .. . �� � §§§ ùùù ««« DDD (( ( ÏÏ Ï ~~~ ÚÚÚ >>> ff f ÆÆÆ

XXX ÚÚÚ �� � DDD (( ( ÜÜÜ 333 ˜˜ ˜ ååå §§§ // / ¤¤¤ ÑÑÑ ÑÑÑ >>> ÖÖÖ ÌÌ Ì ¥¥¥ �� � �� � �� � """ ,,, ˜˜ ˜ aaa ´́́ ddd ©©© ááá LLL §§§ ÚÚÚ ååå �� � §§§ ŠŠŠ

‘‘ ‘ 111 >>> ff f &&& ÒÒÒ ˜˜ ˜ ååå �� � )) ) §§§ XXX µµµ 111 ÒÒÒ 444 ÚÚÚ ‹‹ ‹ <<< ??? þþþ ��� 999 >>> ff f uuu �� � LLL §§§ !! ! ddd ‚‚‚ ¸̧̧ ½½½ ööö SSS

ÜÜÜ ËËË �� � �� � )) ) �� �>> > ff f uuu �� � §§§ ùùù aaa LLL §§§ EEE ¤¤¤ �� � &&& ÒÒÒ ÌÌ Ì ••• ••• êêê .. . ��� "" " ^^^ êêê ÆÆÆ555 £££ ããã 111 >>> ���

OOO +++ �� � DDD ÑÑÑ ÌÌ Ì ÒÒÒ ´´ ´ ©©© ÙÙÙ •• • §§§ 5.47µµµ

B(x; w; � 0; � ) =
1 � w

� 0

p
2�

e
� x 2

2� 2
0 + w� (x)� e � �x ( 5.47)

ªª ª ¥¥¥ §§§ � (x)•• • �� � �� � ¼¼¼ êêê §§§

� (x) = f 0 x< 0
1 x� 0 ( 5.48)
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w•• • üüüaa a DDD (( ( ¥¥¥•• • êêê .. . ©©© ÙÙÙ DDD (( ( ¤¤¤ ÓÓÓ ��� '' ' ~~~ §§§ � 0´´ ´ÑÑ Ñ ÑÑÑ >>> ÖÖÖ ÌÌ Ì ¥¥¥ �� � ��� ÜÜÜ ©©© �� � II I OOO    

�� � §§§ � ´´ ´ •• • êêê ©©© ÙÙÙ �� � ©©© ÙÙÙ XXX êêê "" " nnn ÜÜÜ •• • ÄÄÄ DDD (( ( ÚÚÚ nnn ŽŽŽ &&& ÒÒÒ §§§ ll l êêê ÆÆÆþþþ `` ` §§§ ÑÑÑ ÑÑÑ &&& ÒÒÒ

ÒÒÒ ´´ ´ �� � ööö �� � òòò ÈÈÈ "" "

Sreal (x) = Sideal (x; �; Q 1; � 1)
O

B(x; w; � 0; � ) ( 5.49)

 / ndf 2c  83.25 / 40
mu        0.0361± 0.7165 
ped       0.0±  12.1 
pDelta    0.0137± 0.5494 
ph.e.     0.048± 2.605 
peDelta   0.035± 1.498 
w         0.0281± 0.1506 
A         0.0224± 0.4949 
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 / ndf 2c  83.25 / 40
mu        0.0361± 0.7165 
ped       0.0±  12.1 
pDelta    0.0137± 0.5494 
ph.e.     0.048± 2.605 
peDelta   0.035± 1.498 
w         0.0281± 0.1506 
A         0.0224± 0.4949 

 / ndf 2c  83.25 / 40
mu        0.0361± 0.7165 
ped       0.0±  12.1 
pDelta    0.0137± 0.5494 
ph.e.     0.048± 2.605 
peDelta   0.035± 1.498 
w         0.0281± 0.1506 
A         0.0224± 0.4949 

ããã 5.39: LEDfff 111 ììì ��� eee 111 >>> ��� OOO +++ ��� UUU ÌÌÌ ÚÚÚ
))) ÌÌÌ ��� [[[ ÜÜÜ §§§ ããã ¥¥¥ ph.e.••• üüü 111 >>> fff ééé
AAA ��� ��� êêê """ ããã ¥¥¥ xxx ÑÑÑ 


÷÷÷ vvv ÿÿÿ þþþ &&&
ÒÒÒ ÌÌÌ ��� 111 >>> ��� OOO +++ ÑÑÑ ÑÑÑ ¤¤¤ ••• ¹¹¹ ��� üüü 111
>>> fff !!! VVV 111 >>> fff !!! nnn 111 >>> fff ÚÚÚ DDD ÑÑÑ ���
ÌÌÌ """

penumber
Entries  1929
Mean    475.2
RMS     99.22

Number of photoelectron
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penumber
Entries  1929
Mean    475.2
RMS     99.22

ããã 5.40: ... ÜÜÜ PMT 111 >>> fff ��� ‡‡‡ êêê ©©© ÙÙÙ ããã """

ùùù ««« •• •{{ { ŒŒŒ±±± ééé PMT �� � üüü 111 >>> fff ??? 111 II I ½½½ §§§ ··· ^^^uuu PMT �� � ÂÂÂ ��� 111 >>> ff f êêê '' ' ���

�� � �� � œœœ¹¹ ¹ (AAA ‡‡‡ 111 >>> ff f �� � œœœ// / )§§§ ¢¢¢ �� � ¥¥¥ ^^^ ‘‘ ‘ LED555 ééé PMT ??? 111 •• • ÝÝÝ §§§ LED �� � 111 ^^^ '' '

�� � ff f �� � 111 §§§ ,, , �� � ééé PMT ÑÑÑ ÑÑÑ ��� &&& ÒÒÒ ÌÌ Ì §§§ ^̂^ ©©© ÙÙÙ úúú ªªª 5.49555 [[ [ ÜÜÜ §§§ ll l 

 
 ���� �� üüü 111 >>> fff

ééé AAA �� ��� � êêê "" " 111 >>> �� � OOO +++ II I ½½½ ¢¢¢ ��� ����� �� �� UUU ÌÌÌ XXX ããã 5.39 ¤¤¤ ««« §§§ ããã ¥¥¥ $$$ ^^^ ±±± þþþ ¤¤¤ £££

ããã �� � 111 >>> �� � OOO +++ �� � .. . ŠŠŠ 

 
 [[ [ ÜÜÜ §§§ �� ��� � 

 
 ùùù ‡‡‡ 111 >>> �� � OOO +++ OOO ÃÃÃ �� � ýýý ééé II I ½½½ ŠŠŠ 1p.e.=

2.6channels"" " ããã 5.38�� �>> > ÖÖÖ ÌÌ Ì §§§ ŒŒŒ±±± ÏÏ Ï LLL üüü 111 >>> ff f •• • ÝÝÝ §§§ CCC ††† •• • ããã 5.40¤¤¤ ««« �� � �� � ÂÂÂ �� �

�� � 111 >>> ff f ‡‡‡ êêê �� � ©©© ÙÙÙ "" "

b)¢¢¢ �� � �� � êêê âââ �� � ©©© ÛÛÛ

ééé uuu &&& ÿÿÿ ìì ì •• • AAA �� � ÿÿÿ þþþ §§§ ccc ¡¡ ¡ ¤¤¤ ÿÿÿ þþþ �� � RRR ††† � fff �� �      ˜˜ ˜ ÑÑÑ 333 ããã 5.41¥¥¥ �� �    

˜˜ ˜ 1(Pos1(110cm,0cm))§§§ •• • 

 
 ïï ï ÄÄÄ &&& ÿÿÿ ìì ì �� � •• • AAA §§§ £££ ÄÄÄ ððð ccc NNN ¬¬¬ �� � ,, , 		 	 �� � 3‡‡‡      ˜˜ ˜ (ããã

¥¥¥ �� � Pos2(70cm,0cm),Pos3(40cm,0cm),Pos4(-80cm,0cm))"" " ooo ‡‡‡      ˜˜ ˜ ÑÑÑ 333 X¶¶¶ �� � •• • •• • þþþ £££

ÄÄÄ "" " ééé uuu zzz ˜˜ ˜ ‡‡‡      ˜˜ ˜ §§§ ÿÿÿ þþþ ééé uuu � fff ��� ••• AAA ÑÑÑ ŒŒŒ±±± ���� ��. .. ÜÜÜ PMT ��� ˜̃̃ ‡‡‡ >>> ÖÖÖ ÌÌ Ì ÚÚÚ ýýý

¡¡ ¡ �� � PMT �� � ˜˜ ˜ ‡‡‡ >>> ÖÖÖ ÌÌ Ì §§§ ÏÏ Ï LLL kkk ééé PMT ??? 111 •• • ÝÝÝ §§§ ����� � üüü 111 >>> ff f ééé AAA �� �> >> ÖÖÖ §§§ •• • ���

ÒÒÒ ŒŒŒ±±± ¦¦ ¦ �� � PMT �� � ÂÂÂ �� ��� � 111 >>> ff f êêê "" " ééé ¤¤¤ ÿÿÿ þþþ �� �� �� ÌÌÌ ÏÏ Ï ••• •• • kkk ˜̃̃ ‡‡‡ ¸̧¸ §§§ ¸¸ ¸ ŠŠŠ ��� 111 >>>
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ff f êêê �� � õõõ §§§ ccc ¡¡ ¡ �� � •• • êêê �� � .. . ššš ~~~ �� � §§§ ééé ÌÌ Ì �� � [[ [ ÜÜÜ æææ ^̂̂^^ ^ {{ { üüü �� � ppp ddd ¼¼¼ êêê 555 \\\ ˜˜ ˜ ‡‡‡ ²²²

�� � ††† ‚‚ ‚ (�� � .. . )555 [[ [ ÜÜÜ µµµ

f (x) =
A0p
2��

e� ( x � Q 0) 2

2� 2 + C0 ( 5.50)

ÙÙÙ ¥¥¥ xùùù ppp ““ “ LLL �� � ´´ ´ PMT �� � ÂÂÂ �� ��� � 111 >>> ff f êêê 888 "" " eee ããã 5.42¤¤¤ ««« •• • ððð ccc NNN ¬¬¬      uuu x=110cm??? §§§

ÏÏ Ï LLL [[ [ ÜÜÜ ŒŒŒ�� �.. . ÜÜÜ �� � PMT �� � ÂÂÂ �� � 111 >>> fff êêê ••• 476§§§ ýýý ¡¡ ¡ �� � PMT ��� ÂÂÂ �� � � �� 111 >>> ff f êêê

•• • 393‡‡‡ §§§ �� � ððð ccc NNN 333ùù ù ‡‡‡     ˜̃̃ žžž §§§ � fff ††† ��� �� � )) ) �� � êêê ÕÕÕ ………ÅÅÅ 111 ff f ´́́ ØØØ UUU ††† �� � ‹‹ ‹ ���. ..

ÜÜÜ ÚÚÚ ýýý ¡¡ ¡ �� � PMT þþþ §§§ ÏÏ Ï ddd �� � ÂÂÂ ����� � 111 ff f ÄÄÄ ��� þþþ ÑÑÑ ´́́ ‡‡‡ �� � �� � 111 fff """ ããã 5.43§§§ ããã 5.44§§§

ããã 5.45§§§ •• • ,, , 		 	 nnn ‡‡‡      ˜˜ ˜ ÿÿÿ þþþ �� � (( ( JJJ §§§ ÑÑÑ ^^^ ¼¼¼ êêê f(x) 555 ??? 111 [[[ ÜÜÜ """

ããã 5.41: lll YYY ‡‡‡ ��� þþþ ¡¡¡ •••eee www ��� ::: ÀÀÀ ããã

ééé ÌÌ Ì // / �� � [[ [ ÜÜÜ §§§ ·· · ‚‚ ‚ uuu yyy ¤¤¤ kkk ��� UUU ÌÌÌ ØØØ ��� ��� ´´ ´ ˜̃˜ ‡‡‡ppp ddd §§§ 333 ÌÌÌ �� � ———nnn þþþ õõõ ÑÑÑ ˜̃̃

:: : §§§ ùùù ‡‡‡ ´´ ´ ÏÏ Ï •• • �� � � ff f 333 YYY ¥¥¥ BBB LLL ��� žžž ÿÿÿ ÏÏÏ LLL >>> lll �� � LLL §§§ ›› › ””” UUU þþþ §§§ � ff f 333 YYY ¥¥¥ �� � UUU

þþþ ›› › ”” ” •• • ˜˜ ˜ ‡‡‡ KKK �� � ©©© ÙÙÙ §§§ ²² ² þþþ >>> lll UUU ›› › ��� ••• 2MeV/cm §§§ �� � kkk ééé ��� ˜̃˜ ÜÜÜ ©©© UUU þþþ ›› › ””” ŒŒŒ

 / ndf 2c    977 / 600
    

0
Q  0.8±   476 

   s  0.76± 47.76 
A0        78.4±  5054 
C0        0.080± 2.019 

p.e. number 
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 / ndf 2c    977 / 600
    

0
Q  0.8±   476 

   s  0.76± 47.76 
A0        78.4±  5054 
C0        0.080± 2.019 

 / ndf 2c  912.8 / 503
    

0
Q  0.6±   393 

   s  0.60± 45.51 
A0        96.4±  7561 
C0        0.112± 2.961 
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 / ndf 2c  912.8 / 503
    

0
Q  0.6±   393 

   s  0.60± 45.51 
A0        96.4±  7561 
C0        0.112± 2.961 

ããã 5.42: ��� ððð ccc NNN ���     ˜˜˜ 333 x=110cmžžž §§§ ... ÜÜÜ ��� PMT ��� ÂÂÂ ������ 111 >>> fff êêê (††† ããã );ýýý ¡¡¡ ��� PMT ��� ÂÂÂ
������ 111 >>> fff êêê (mmm ããã )"""
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 / ndf 2c   1388 / 584
    

0
Q  0.7±   487 

   s  0.62± 53.89 
A0        104.0±  9302 
C0        0.089± 2.061 

p.e. number 
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 / ndf 2c   1388 / 584
    

0
Q  0.7±   487 

   s  0.62± 53.89 
A0        104.0±  9302 
C0        0.089± 2.061 

 / ndf 2c   1150 / 499
    

0
Q  0.6± 400.3 

   s  0.51± 45.84 
A0        106.0±  9776 
C0        0.104± 2.477 
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 / ndf 2c   1150 / 499
    

0
Q  0.6± 400.3 

   s  0.51± 45.84 
A0        106.0±  9776 
C0        0.104± 2.477 

ããã 5.43: ��� ððð ccc NNN ���     ˜˜˜ 333 x=70cmžžž §§§ ... ÜÜÜ ��� PMT ��� ÂÂÂ ������ 111 >>> fff êêê (††† ããã );ýýý ¡¡¡ ��� PMT ��� ÂÂÂ ���
��� 111 >>> fff êêê (mmm ããã )"""

 / ndf 2c   1102 / 574
    

0
Q  0.7± 529.2 

   s  0.63± 52.88 
A0        99.3±  8564 
C0        0.08±  1.87 

p.e. number 
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 / ndf 2c   1102 / 574
    

0
Q  0.7± 529.2 

   s  0.63± 52.88 
A0        99.3±  8564 
C0        0.08±  1.87 

 / ndf 2c   1176 / 504
    0Q  0.6± 406.9 

   s  0.52± 47.17 
A0        109± 1.03e+04 

C0        0.11±  2.48 
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 / ndf 2c   1176 / 504
    0Q  0.6± 406.9 

   s  0.52± 47.17 
A0        109± 1.03e+04 

C0        0.11±  2.48 

ããã 5.44: ��� ððð ccc NNN ���     ˜˜˜ 333 x=40cmžžž §§§ ... ÜÜÜ ��� PMT ��� ÂÂÂ ������ 111 >>> fff êêê (††† ããã );ýýý ¡¡¡ ��� PMT ��� ÂÂÂ ���
��� 111 >>> fff êêê (mmm ããã )"""

 / ndf 2c  737.7 / 519
    0Q  0.9± 499.5 

   s  0.80± 57.11 

A0        90.0±  6717 

C0        0.092± 1.529 

p.e. number 
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 / ndf 2c  737.7 / 519
    0Q  0.9± 499.5 

   s  0.80± 57.11 

A0        90.0±  6717 

C0        0.092± 1.529 

 / ndf 2c  737.7 / 519
    0Q  0.9± 499.5 

   s  0.80± 57.11 

A0        90.0±  6717 

C0        0.092± 1.529 
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 / ndf 2c  737.7 / 519
    0Q  0.9± 499.5 

   s  0.80± 57.11 

A0        90.0±  6717 

C0        0.092± 1.529 

ããã 5.45: ��� ððð ccc NNN ���     ˜˜˜ 333 x=-80cmžžž §§§ ... ÜÜÜ ��� PMT ��� ÂÂÂ ������ 111 >>> fff êêê (††† ããã );ýýý ¡¡¡ ��� PMT ��� ÂÂÂ ���
��� 111 >>> fff êêê (mmm ããã )"""
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 / ndf 2c  568.6 / 545
    0Q  1.5± 466.8 

   s  1.09± 39.87 
    0A  143.3±  5418 
    LQ  6.5± 551.9 
 Ls  1.6±  20.5 
    LA  136.2±  1141 
    0C  0.092± 1.763 
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 / ndf 2c  568.6 / 545
    0Q  1.5± 466.8 

   s  1.09± 39.87 
    0A  143.3±  5418 
    LQ  6.5± 551.9 
 Ls  1.6±  20.5 
    LA  136.2±  1141 
    0C  0.092± 1.763 

Gaus Peak
Landau
Background

 / ndf 2c  514.6 / 535
    0Q  0.9± 385.6 

   s  0.8±  38.3 
    0A  120.0±  6668 
    LQ  3.9± 468.7 
 Ls  1.20± 17.27 
    LA  104.4±  1157 
    

0
C  0.11±  2.38 
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 / ndf 2c  514.6 / 535
    0Q  0.9± 385.6 

   s  0.8±  38.3 
    0A  120.0±  6668 
    LQ  3.9± 468.7 
 Ls  1.20± 17.27 
    LA  104.4±  1157 
    

0
C  0.11±  2.38 

Gaus Peak
Landau
Background

ããã 5.46: ��� ððð ccc NNN ���     ˜˜˜ 333 x=110cmžžž §§§ ... ÜÜÜ ��� PMT ��� ÂÂÂ ������ 111 >>> fff êêê (††† ããã );ýýý ¡¡¡ ��� PMT ��� ÂÂÂ
������ 111 >>> fff êêê (mmm ããã )"""

 / ndf 2c  526.3 / 541
    

0
Q  1.0± 476.9 

   s  0.77± 46.74 
    0A  153.6±  9829 
    

L
Q  4.5± 581.3 

 Ls  1.45± 23.23 
    LA  138.5±  1840 
    0C  0.097± 1.824 
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 / ndf 2c  526.3 / 541
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Q  1.0± 476.9 

   s  0.77± 46.74 
    0A  153.6±  9829 
    

L
Q  4.5± 581.3 

 Ls  1.45± 23.23 
    LA  138.5±  1840 
    0C  0.097± 1.824 

Gaus Peak
Landau
Background

 / ndf 2c  548.7 / 532
    

0
Q  1.7± 391.7 

   s  1.20± 38.74 
    0A  264.5±  8543 
    

L
Q  9.7±   477 

 Ls  1.3±  21.9 
    LA  278.5±  1764 
    0C  0.106± 1.821 
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 / ndf 2c  548.7 / 532
    

0
Q  1.7± 391.7 

   s  1.20± 38.74 
    0A  264.5±  8543 
    

L
Q  9.7±   477 

 Ls  1.3±  21.9 
    LA  278.5±  1764 
    0C  0.106± 1.821 

Gaus Peak
Landau
Background

ããã 5.47: ��� ððð ccc NNN ���     ˜˜˜ 333 x=70cmžžž §§§ ... ÜÜÜ ��� PMT ��� ÂÂÂ ������ 111 >>> fff êêê (††† ããã );ýýý ¡¡¡ ��� PMT ��� ÂÂÂ ���
��� 111 >>> fff êêê (mmm ããã )"""

�� � §§§ ùùù ˜˜ ˜ ÜÜÜ ©©© ¬¬¬ ‹‹ ‹ ÑÑÑ ƒƒƒ ééé �� � õõõ�� � ppp UUU >>> ff f §§§ ppp UUU >>> fff •• • ‡‡‡ ‡‡‡ LLL êêê ÕÕÕ ………ÅÅÅ ��� KKK ŠŠŠ §§§ ÓÓÓ

�� � ¬¬¬ �� � )) ) êêê ÕÕÕ ………ÅÅÅ 111 §§§ ÏÏ Ï ddd ùùù ˜˜ ˜ �� � ÜÜÜ ©©© �� � UUU þþþ ›› › ”” ” ŒŒŒ�� � � ff f �� � )) ) �� � 111 ff f êêê ¬¬¬ ƒƒƒ éééõõ õ

˜˜ ˜ 

 
 §§§ UUU ÌÌ Ì �� � ———ÜÜÜ �� � ˜˜ ˜ ÜÜÜ ©©© §§§ ÌÌ Ì ‡‡‡ ´´ ´ UUU ›› › ŒŒŒ�� � � ff f EEE ¤¤¤ �� � "" " ddd ddd ·· · ‚‚ ‚ òòò ¤¤¤ ÿÿÿ þþþ �� ��� �

¯¯ ¯ ~~~ ©©© •• • üüü ÜÜÜ ©©© §§§ ˜˜ ˜ ÜÜÜ ©©© ´´ ´ ÑÑÑ ll l ppp ddd ©©© ÙÙÙ §§§ ,, , 		 	 ééé �� � �� � ˜˜ ˜ ÜÜÜ ©©© UUU þþþ ›› › ”” ” ŒŒŒ�� � � ff f �� �

)) ) �� � 111 >>> ff f §§§ ·· · ‚‚ ‚ bbb �� � ÑÑÑ ll l ˜˜ ˜ ‡‡‡ KKK �� ��� � ©©© ÙÙÙ "" " ddd ddd ··· ‚‚ ‚ ·· · ‚‚‚ ééé uuu UUU ÌÌ Ì �� � [[[ ÜÜÜ •• • §§§ CCC

•• • µµµ

f (x) =
A0p
2��

e� ( x � Q 0) 2

2� 2 + C0 + AL � Landau(x; QL ; � L ) ( 5.51)

ddd?? ? �� � QL •• • KKK �� � ©©© ÙÙÙ �� � •• • ŒŒŒAAA ŠŠŠ "" "

ããã 5.46¤¤¤ ««« •• • ððð ccc NNN ¬¬¬ 333 110cm??? �� � ### �� � [[ [ ÜÜÜ (( ( JJJ §§§ ·· · ‚‚ ‚ ŒŒŒ±±± www ÑÑÑ '' ' ååå •• • ^^^ ˜˜ ˜ ‡‡‡

ppp ddd �� � [[ [ ÜÜÜ (ããã 5.42)§§§ ããã 5.46[[ [ ÜÜÜ �� � (( ( JJJ •• • ÐÐÐ 

 
 §§§ [[ [ ÜÜÜ ††† ÌÌ Ì // / �� � ªª ª ³³ ³ •• • \\ \ ��� ÎÎ Î ÜÜÜ """



 
 ããã 5.47§§§ ããã 5.47ÚÚÚ ããã 5.49KKK ©©© OOO ´´ ´ ððð ccc NNN 333 ,, , 		 	 nnn ‡‡‡ ØØØ ÓÓÓ �� �      ˜˜ ˜ (x=70cm§§§ 40cm§§§ -

80cm)�� � êêê âââ ††† [[ [ ÜÜÜ �� � (( ( JJJ §§§ ŒŒŒ±±± www �� � [[ [ ÜÜÜ �� � ÌÌ Ì 111 ªª ª ³³ ³ ††† êêê âââ •• • \\ \ �� � ÎÎ Î ÜÜÜ 

 
 "" " ééé uuu

ùùù 

 
 ÌÌ Ì [[ [ ÜÜÜ �� � ¸¸ ¸ ŠŠŠ XXX LLL 5.7§§§ ååå ll l PMT �� � CCC ÉÉÉ �� ��� � 111 ff f êêê 888 ÒÒÒ �� � õõõ §§§ òòò � fff \\ \ �� � :::



5.6. YYY ‡‡‡ ��� ... &&& ÿÿÿ ììì ééé uuu‰‰‰ »»» ‚‚‚ � fff ••• AAA ��� ïïï ÄÄÄ 111

 / ndf 2c  475.7 / 534
    

0
Q  1.3± 533.8 

   s  1.00± 45.07 
    0A  194.3±  8907 
    

L
Q  6.7± 630.3 

 Ls  2.32± 27.77 
    LA  180.8±  2140 
    0C  0.087± 1.707 
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100  / ndf 2c  475.7 / 534
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L
Q  6.7± 630.3 

 Ls  2.32± 27.77 
    LA  180.8±  2140 
    0C  0.087± 1.707 

Gaus Peak
Landau
Background

 / ndf 2c  422.1 / 408
    

0
Q  1.2± 396.8 

   s  0.86± 38.83 
    0A  257± 1.172e+04 
    

L
Q  5.6± 479.8 

 Ls  1.2±  22.1 
    LA  254.5±  2752 
    0C  0.135± 2.531 
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L
Q  5.6± 479.8 

 Ls  1.2±  22.1 
    LA  254.5±  2752 
    0C  0.135± 2.531 

Gaus Peak
Landau
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Gaus Peak
Landau
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ããã 5.48: ��� ððð ccc NNN ���     ˜˜˜ 333 x=40cmžžž §§§ ... ÜÜÜ ��� PMT ��� ÂÂÂ ������ 111 >>> fff êêê (††† ããã );ýýý ¡¡¡ ��� PMT ��� ÂÂÂ ���
��� 111 >>> fff êêê (mmm ããã )"""

 / ndf 2c  636.1 / 567
    0Q  1.0±   544 

   s  0.79± 48.12 
    0A  267± 1.669e+04 
    LQ  5.8± 657.9 
 Ls  2.40± 32.47 
    LA  334.8±  4234 
    0C  0.101± 2.761 
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 / ndf 2c  636.1 / 567
    0Q  1.0±   544 

   s  0.79± 48.12 
    0A  267± 1.669e+04 
    LQ  5.8± 657.9 
 Ls  2.40± 32.47 
    LA  334.8±  4234 
    0C  0.101± 2.761 

Gaus Peak
Landau
Background

Gaus Peak
Landau
Background

 / ndf 2c  322.1 / 391
    

0
Q  1.5± 487.9 

   s  1.10± 49.07 
    0A  184.6±  8787 
    

L
Q  6.4± 598.1 

 Ls  2.53± 26.38 
    LA  211.7±  1820 
    0C  0.103± 1.574 
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 / ndf 2c  322.1 / 391
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   s  1.10± 49.07 
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L
Q  6.4± 598.1 

 Ls  2.53± 26.38 
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Gaus Peak
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Gaus Peak
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ããã 5.49: ��� ððð ccc NNN ���     ˜˜˜ 333 x=-80cmžžž §§§ ... ÜÜÜ ��� PMT ��� ÂÂÂ ������ 111 >>> fff êêê (††† ããã );ýýý ¡¡¡ ��� PMT ��� ÂÂÂ ���
��� 111 >>> fff êêê (mmm ããã )"""

††† PMT �� � ååå ll l '' ' ééé ååå 555 ,ããã 5.50¥¥¥ ¤¤¤ ««« §§§ îî î ‹‹ ‹ II I •• • \\ \ �� � ��� RRR ††† � 333 X¶¶¶ ••• •• • þþþ ††† PMT ���

ååå ll l §§§ �� � \\ \ �� � :: : ååå ll l PMT �� � CCC ŒŒŒ±±± �� � ÂÂÂ �� ��� � 111 ff f êêê ��� õõõ §§§ ÏÏ Ï •• • ØØØ ‡‡‡ ��� 111 		 	 ÓÓÓ žžž „„ „ kkk

††† �� � 111 �� � �� � zzz "" " �� � ååå ll l PMT �� � ååå ll l ŒŒŒuuu 100cmžžž §§§ ddd žžž PMT �� � ÂÂÂ ØØØ �� � ††† �� � êêê ÕÕÕ ………ÅÅÅ

111 §§§ �� � \\ \ �� �      ˜˜ ˜ �� � CCC zzz ééé uuu PMT �� � ÂÂÂ 111 ff f êêê �� � �� � zzz ééé �� � §§§ === •• • PMT �� � ÂÂÂ �� ��� � 111 ff f

êêê ééé uuu      ˜˜ ˜ �� � CCC zzz ØØØ ¯¯ ¯ aaa §§§ ùùù `` ` ²² ² YYY ‡‡‡ SSS ÜÜÜ �� � 111 �� � ‡‡‡ �� � ®®® ²²² ééé þþþ !! ! §§§ 222 ggg `` ` ²² ² 




&&& ÿÿÿ ìì ì �� � 555 UUU éééÐÐÐ §§§ YYY �� � ááá ÂÂÂ •• • ÝÝÝ ÚÚÚ tyvek‡‡‡ �� � ÇÇÇ ééé ppp "" " LLL 5.7¥¥¥ www �� � '' ' uuu^^̂ KKK �� � ¼¼¼

êêê 555 [[ [ ÜÜÜ �� � ùùù ˜˜ ˜ ÜÜÜ ©©© 111 ff f êêê '' ' �� � õõõ ¯¯ ¯ ~~~ ŒŒŒVVV ÓÓÓ ooo �� � ¯¯ ¯ ~~~ �� � 15%� 20%††† mmm "" " ééé uuu ddd §§§

333 Auger¢¢¢ �� � [100]¥¥¥ §§§ XXX ããã 5.51¤¤¤ ««« §§§ 333 �� �[[ [ �� � ¥¥¥ •• • •• • ÄÄÄ

 
 � ff f ‹‹ ‹ ÑÑÑ � >>> ff f �� � �� � zzz §§§ ŒŒŒ

±±± www �� � ããã ———ÜÜÜ •• • ééé •• • §§§ ‹‹ ‹ YYY ‡‡‡ ¢¢¢ ��� ¥¥¥ ÿÿÿ þþþ �� � ((( JJJ ˜̃̃ ———§§§ 333 TTT ©©© zzz ¥¥¥ ‰‰‰ÑÑÑ ppp UUU �� � � >>>

ff f �� � �� � zzz ŒŒŒ±±± ´´ ´ �� � NNN �� � 111 ff f êêê �� � ²² ² þþþ ŠŠŠ OOO \\ \ 15%"" "

5.6.1.2 ééé uuu‰‰‰ »»» ‚‚‚ � fff ��� ïïï ÄÄÄ

ccc ¡¡ ¡ ÌÌ Ì ‡‡‡ ééé uuu RRR ††† ��� � ff f �� � ïïï ÄÄÄ §§§ ÌÌÌ ‡‡‡ ´´ ´ ÏÏ Ï LLL ððð ccc NNN ééé uuu AAA ½½½ ••• ••• �� � � ff f ??? 111 ]]]

ÀÀÀ §§§ •• • •• • {{ { üüü �� � œœœ¹¹ ¹ "" " eee ¡¡¡ ééé uuu BBB LLL YYY ‡‡‡ �� � � fff 555 ??? 111ïï ï ÄÄÄ §§§ ééé uuu BBB LLL YYY ‡‡‡ �� � � ff f §§§



112 111 5 ÙÙÙ YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ììì ��� ... ��� ïïï ÄÄÄ

... ÜÜÜ ��� PMT(     ˜˜˜ 333 x=-30cm??? ) ýýý ¡¡¡ ��� PMT(     ˜˜˜ 333 x=-110cm??? )

    ˜˜˜ £££ x¶¶¶ ¤¤¤ Q0 QL LandauÓÓÓ ��� ''' ~~~ Q0 QL LandauÓÓÓ ��� ''' ~~~

110cm 466.8 551.9 17.4% 385.6 468.7 14.8%

70cm 476.9 581.3 15.8% 391.7 477.0 17.5%

40cm 533.8 630.3 19.4% 396.8 479.8 19.0%

-80cm 544.0 657.9 20.2% 487.9 598 20.3%

LLL 5.6: [[[ ÜÜÜ ((( JJJ ¥¥¥ ppp ddd ��� ¸¸¸ ŠŠŠ ÚÚÚ KKK ������ ••• ŒŒŒAAA ŠŠŠ §§§ ±±± 999 KKK ��� ©©© ÙÙÙ 333 ��� ‡‡‡ &&& ÒÒÒ ÌÌÌ ¥¥¥ ��� ''' ~~~ """

Distance(cm)
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ããã 5.50: ¢¢¢ ��� ÿÿÿ þþþ ��� 111 >>> fff êêê ††† \\\ ��� :::
ååå PMT ååå lll ƒƒƒ mmm ��� ''' XXX """

ããã 5.51: ��� � fff BBB LLL žžž PMT ��� ÂÂÂ ��� ��� 111 >>> fff ���
©©© ÙÙÙ ããã (Auger¢¢¢ ��� ��� ���[[[ ((( JJJ [100])"""



5.6. YYY ‡‡‡ ��� ... &&& ÿÿÿ ììì ééé uuu‰‰‰ »»» ‚‚‚ � fff ••• AAA ��� ïïï ÄÄÄ 113

¦¦ ¦ ^^^ XXX ããã 5.52•• •{{ { 555 ??? 111 ÿÿÿ þþþ "" " òòò .. . ÜÜÜ ��� PMT ††† ýýý ¡¡ ¡ �� � PMT &&& ÒÒÒ ÚÚÚ ÑÑÑ §§§ XXX ‡‡‡ ééé.. . ÜÜÜ

�� � PMT ??? 111 ÿÿÿ þþþ §§§ ÜÜÜ �� � PMT &&& ÒÒÒ ÏÏ Ï LLL ‚‚ ‚ 555 ÷÷÷\\ \÷ ÷÷ ÑÑÑ ©©© •• • üüü ´´ ´ §§§ ÙÙÙ ¥¥¥ ��� ˜˜ ˜ ´́́ ÏÏ Ï LLL $$$ KKK

þþþ OOO ìì ì §§§ ýýý ¡¡ ¡ �� � PMT &&& ÒÒÒ •• • ÏÏ Ï LLL $$$ KKK þþþ OOO ìì ì §§§ ,, , ��� ùùù üüü ´́́ &&& ÒÒÒ ??? \\ \ ÜÜÜ 666 �� � ††† §§§ ‰‰‰ÑÑÑ

˜˜ ˜ ‡‡‡ €€€ (°° ° ÝÝÝ •• • 400ns)§§§ .. . ÜÜÜ �� � PMT ÏÏ Ï LLL ÷÷÷\\ \÷÷ ÷ ÑÑÑ �� � ,, , ˜˜ ˜ ´´ ´ &&& ÒÒÒÚÚÚ €€€ &&& ÒÒÒ ??? \\\ ADC???

111 ÈÈÈ ©©© "" " ¦¦ ¦ ^^^ üüü ‡‡‡ PMT �� � &&& ÒÒÒ ééé ÜÜÜLL L KKK �� � >>> uuu ŒŒŒ±±± ŒŒŒŒŒŒ��� ØØØ $$$ PMT ��� 999 DDD (( ( ‘‘‘ 555 ���

KKK •• • §§§ ùùù �� � ŒŒŒ�� � yyy ŒŒŒÜÜÜ ©©© ÿÿÿ þþþ �� ��� � ¯¯ ¯ ~~~ ••• ‰‰‰»»» ‚‚ ‚ � fff ¯¯ ¯ ~~~ """

ããã 5.52: ÿÿÿ þþþ ‰‰‰»»» ‚‚‚ � fff 333 YYY ‡‡‡ ¥¥¥ ••• AAA ��� ÜÜÜ 666 ããã §§§ ddd ããã ••• ÿÿÿ þþþ ��� ´´´ ... ÜÜÜ ��� PMT ��� ((( JJJ ¶¶¶ XXX JJJ ‡‡‡ ÿÿÿ
þþþ ýýý ¡¡¡ ��� PMT §§§ III òòò ýýý ¡¡¡ ��� PMT 555 &&& ÒÒÒ ÚÚÚ \\\÷÷÷\\\÷÷÷ ÑÑÑ §§§ òòò ÙÙÙ ¥¥¥ ˜˜˜ ´´´ &&& ÒÒÒ ??? \\\ ADC??? 111
>>> ÖÖÖ ��� ÈÈÈ ©©© """

ããã 5.53¤¤¤ ««« •• • ‰‰‰»»» ‚‚ ‚ � ff f BBB LLL žžž PMT ¤¤¤ �� � ÂÂÂ �� � �� � 111 >>> ff f êêê ©©© ÙÙÙ ããã §§§ ††† ããã •• • .. .

ÜÜÜ PMT �� � ÿÿÿ þþþ (( ( JJJ §§§ mmm ããã •• • ýýý ¡¡ ¡ �� � PMT �� � ÿÿÿ þþþ ��� (( ( JJJ §§§ üüü ‡‡‡ ÌÌÌ kkk XXX ƒƒƒ ÓÓÓ ��� ªª ª ³³³ §§§ 333

111 >>> ff f êêê '' ' �� � õõõ�� �// / •• • •• • 333 ˜˜ ˜ ‡‡‡ ¸¸ ¸ "" " 

 
 ééé uuu ÿÿÿ þþþ ��� ÌÌÌ �� � ¤¤¤ ©©© �� � [[ [ ÜÜÜ §§§ 333 UUU ÌÌÌ ¥¥¥ ŠŠŠ ‘‘‘

kkk ˜˜ ˜ ÜÜÜ ©©© �� � •• • êêê ©©© ÙÙÙ �� � DDD (( ( §§§ ééé uuu &&& ÒÒÒ ¦¦ ¦ ^^^ ppp ddd ¼¼¼ êêê \\ \ ˜˜ ˜ ^̂^ ††† ‚‚ ‚ 555 LLL ��� §§§ ééé ¤¤¤ ÿÿÿ

�� � � ff f �� � UUU ÌÌ Ì ¥¥¥ �� � .. .�� � ¼¼¼ êêê ^^^ ªª ª 5.52555 LLL ««« µµµ

B(x) = c1e� x
� ( 5.52)

&&& ÒÒÒ ^^^ ªª ª 5.53555 LLL ««« µµµ

S(x) = ( k � x + b) + A0 � Gaus(x; Q0; � ) ( 5.53)

ÏÏ Ï ddd [[ [ ÜÜÜ¼¼¼ êêê f(x) •• • µµµ

f (x) = B(x) + S(x) ( 5.54)

ããã 5.53•• • [[ [ ÜÜÜ �� � (( ( JJJ §§§ f(x) ŒŒŒ±±± éééÐÐÐ �� � [[ [ ÜÜÜ ¢¢¢ �� � êêê âââ "" "

5.6.2 YYY ‡‡‡ �� � „„ „ AAA kkk ÛÛÛ �� �[[ [

5.6.2.1 000 ���

ccc ¡¡ ¡ ÿÿÿ þþþ 

 
 ¢¢¢ �� � êêê âââ §§§ ¿¿¿ ééé ÿÿÿ þþþ �� � êêê âââ?? ? 111 [[ [ ÜÜÜÚÚÚ êêê âââ ��� ©©© ÛÛÛ §§§ XXX ‡‡‡ ééé ((( JJJ ???

111 '' ' �� � •• •[[ [ �� � nnn )) ) §§§ KKK II I �� �[[ [ 555 �� � ©©© ÛÛÛ ÚÚÚ nnn )) ) ¢¢¢ ��� ��� (( ( JJJ """ �� �[[ [ ¥¥¥ ¦¦ ¦ ^^^ ��� ^̂̂ ‡‡‡ ´´ ´ ���
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 / ndf 2c  645.2 / 625
    

0
Q  1.9± 551.2 

   s  2.58± 86.66 
    0A  1358± 2.833e+04 

k         0.0104± -0.2043 
b         3.1± 247.6 

    1c  32.3± 781.2 
     t  1.37± 45.84 
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 / ndf 2c  645.2 / 625
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ããã 5.53: ��� ‰‰‰ »»» ‚‚‚ � fff BBB LLL žžž §§§ YYY ‡‡‡ ¥¥¥ üüü ‡‡‡ PMT ��� ÂÂÂ ��� ��� 111 >>> fff ��� ©©© ÙÙÙ ããã ¶¶¶ (††† ããã ••• ... ÜÜÜ
��� PMT ��� ÂÂÂ ������ 111 >>> fff ��� ©©© ÙÙÙ ããã ¶¶¶ mmm ããã ••• ýýý ¡¡¡ ��� PMT ��� ÂÂÂ ������ 111 >>> fff ��� ©©© ÙÙÙ ããã )"""

ããã 5.54: G4dyb��� ïïï ��� YYY ‡‡‡ &&& ÿÿÿ ììì ««« ¿¿¿ ããã """

ééé ŒŒŒæææ �� � �� � &&& ÿÿÿ ìì ì ��� G4dyb^^^ ‡‡‡ ••• §§§ ccc ¡¡ ¡ 333 &&& ÿÿÿ ììì �� � �� � OOO ˜̃̃ ÙÙÙ ¥¥¥ ®®® ²²²000 ��� LLL §§§ ��� ééé

¢¢¢ �� � YYY ‡‡‡ �� � ïï ï YYY ‡‡‡ �� � &&& ÿÿÿ ìì ì �� � �� � .. . "" "

1444 YYY ‡‡‡ �� � .. . �� � �� � ïï ï

ããã 5.54ããã ¥¥¥ ¤¤¤ ««« •• • �� � [[ [ ¥¥¥ �� � ïï ï �� � &&& ÿÿÿ ìì ì �� � AAA ÛÛÛ §§§ 333 YYY ‡‡‡ ¥¥¥ kkk tyvekòòò YYY ‡‡‡ ©©©

•• • 

 
 SSS 		 	 YYY ‡‡‡ §§§ ………¤¤¤ �� � SSS 			 �� � §§§ ÌÌ Ì ‡‡‡ ´́´ •• • 


 ïï ï ÄÄÄ YYY ÌÌÌ ‚‚‚ �� � ... §§§ 


 333 ��� [ [[ �� � ¥¥¥

•• • ÌÌ Ì ‡‡‡ ´´ ´ ‡‡‡ ïï ï ÄÄÄ tyvek �� � ‡‡‡ �� � ÇÇÇ ÚÚÚ YYY �� � ááá ÂÂÂ ••• ÝÝÝ�� � §§§ ÌÌÌ ‡‡‡ ïï ï ÄÄÄ �� � ´́́ SSS YYY ‡‡‡ ��� œœœ

¹¹ ¹ §§§ PMT �� � 111 ÒÒÒ 444 333 SSS YYY ‡‡‡ ¥¥¥ §§§ ÏÏ Ï ddd �� �[[ [ �� � AAA ÛÛÛ ´´ ´ �� � ééé tyvekŒŒŒ¤¤¤ SSS YYY ‡‡‡ §§§ ºº º €€€

•• • 2.6’’ ’ � 1’’ ’ � 1’’ ’ §§§ PMT �� � •• • ÝÝÝ •• • 30ff f ’’ ’ §§§ 333 SSS YYY ‡‡‡ �� � 111 ÒÒÒ 444 ÜÜÜ ©©© •• • 7.5ff f ’’ ’ •• • "" "

333 �� �[[ [ ¥¥¥ §§§ ·· · ‚‚ ‚ ÄÄÄ kkk II I ‡‡‡ •• • �� � YYY ‡‡‡ &&& ÿÿÿ \\\ �� � � fff �� � &&& EEE §§§ ±±± 999 ­­ ­ ‡‡‡ �� � 111 ÆÆÆëëë

êêê tyvek �� � ‡‡‡ �� � ÇÇÇ §§§ YYY �� � ááá ÂÂÂ •• • ÝÝÝ §§§ PMT �� � þþþ ff f �� � ÇÇÇ ÚÚÚ kkk ��� ��� ÂÂÂ 888 �� � ÇÇÇ ��� "" "

2444 // / ¡¡ ¡ � ff f �� � &&& EEE

YYY ‡‡‡ ¤¤¤ ???      ˜˜ ˜ �� � � ff f �� � &&& EEE §§§ ^^^ II I OOO ©©© ÙÙÙ úúú ªª ª (Gaisser's formula)‰‰‰ÑÑÑ // / ¡¡ ¡ � ff f �� �
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&&& EEE "" " ããã 5.55¤¤¤ ««« •• • 333 // / ¡¡ ¡ � ff f �� � &&& EEE §§§ theta�� � �� � ²² ² þþþ ŠŠŠ 333 37ÝÝÝ ††† mmm §§§ UUU þþþ �� � ²² ² þþþ

ŠŠŠ < 10GeV"" "

ããã 5.55: /// ¡¡¡ � fff ��� theta(††† ããã )ÚÚÚ UUU þþþ (mmm ããã )©©© ÙÙÙ """

3444 tyvek �� � ‡‡‡ �� � ÇÇÇ

333 YYY ‡‡‡ �� � ¢¢¢ �� � ¥¥¥ ¤¤¤ ^^^ �� � tyvek´´ ´ ²² ² LLL AAA ÏÏ Ï ??? nnn �� � tyvek"" " ããã 5.56 ¤¤¤ ««« ,•• •†† † >>> ããã ¤¤¤ «««

•• • üüü �� � �� � tyvek �� � ¬¬¬ §§§ .. . ÒÒÒ •• • 1082D�� � þþþ ÝÝÝ •• • 275um�� � tyvek �� � §§§ òòò üüü �� � 1082D�� � tyvek¥¥¥

mmm\\ \ ˜˜ ˜ �� � PE�� � �� � §§§ ²² ² LLL ˜˜ ˜ ‡‡‡EEE ÜÜÜ �� � ÅÅÅ ìì ì (¥¥¥ mmm �� � ããã )òòò ÙÙÙ ÈÈÈ ØØØ 333 ˜̃̃ ååå §§§ /// ¤¤¤ •• • þþþ

�� � tyvek( �� � 600‡‡‡ ’’ ’ )§§§ •• • mmm >>> �� � ããã •• • EEE ÜÜÜ �� � �� � �� � ¬¬¬ "" " YYY ‡‡‡ �� � �� � ... ¥¥¥ ^^^ ���� �� tyvek•• • EEE ÜÜÜ

�� � �� � tyvek �� � ¬¬¬ "" " ùùù �� � ??? nnn ´´ ´ ÏÏ Ï •• • 333 ŒŒŒæææ�� � òòò 555 �� � YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ìì ì ¥¥¥ §§§ kkk SSS 			 �� � üüü

�� � YYY ³³ ³ §§§ ¥¥¥ mmm ‡‡‡ ‚‚ ‚ tyvek555 ………mmm §§§ ^^^ 555 ………mmm �� � ááá �� � 777 LLL UUU 

 
 ØØØ ßßß 111 §§§ òòò SSS 			 üüü ‡‡‡ &&& ÿÿÿ

ìì ì ………mmm §§§ XXX JJJ kkk ßßß 111 œœœ¹¹ ¹ §§§ KKK ¬¬¬ ¦¦ ¦ SSS 		 	 �� � 111 ff f uuu ))) GGG 666 §§§ KKK •• • &&& ÿÿÿ ìì ì �� � ƒƒƒ ppp uuu �� � """

XXX ¦¦ ¦ ^^^ üüü �� � �� � tyvek§§§ •• • þþþ �� � .. . ÒÒÒ •• • 1082D(275 um)§§§ ØØØ UUU �� � yyy ØØØ ßßß 111 §§§ ÏÏ Ï ddd æææ^^^ 

 
 EEE

ÜÜÜ �� � •• •{{ { §§§ ¦¦ ¦ �� � tyvek �� � •• • þþþ •• • ——————ØØØ ßßß 111 §§§ ,, , 		 	 ŒŒŒ±±± ¦¦ ¦ ‡‡‡ �� � ÇÇÇ •• •pp p "" " ÏÏ Ï •• • tyvek �� �

þþþ ßßß LLL tyvek �� � 111 ff f ¬¬¬ �� � �� � §§§ ‡‡‡ �� � ÇÇÇ �� � ppp "" "

ããã 5.57¤¤¤ ««« •• • ØØØ ÓÓÓ .. . ÒÒÒ ØØØ ÓÓÓ þþþ ÝÝÝ�� � tyvek 333 ˜˜ ˜ íí í ¥¥¥ �� � ‡‡‡ �� � ÇÇÇ ‘‘ ‘ 111 ff f ÅÅÅ •• • CCC zzz œœœ

¹¹ ¹ §§§ ·· · ‚‚ ‚ ÿÿÿ þþþ 

 
 nnn ¥¥¥ ØØØ ÓÓÓ þþþ ÝÝÝ�� � tyvek �� � ¬¬¬ §§§ •• • �� � �� � tyvek•• • 160‡‡‡ ’’ ’ §§§ ‡‡‡ �� � ÇÇÇ �� � ­­ ­ ‚‚ ‚

•• • nnn ^^^ ¥¥¥ •• • $$$�� � @@@^^^ (ÉÉÉ �� � êêê âââ :: : )§§§ 333 400nm??? ‡‡‡ �� � ÇÇÇ 333 85%þþþ ¯̄¯ §§§ ‡‡‡ �� � ÇÇÇ 333 86%†††

mmm ¶¶¶ .. . ÒÒÒ •• • 1070D�� � tyvek(¥¥¥ mmm �� � 777 ÚÚÚ �� � êêê âââ :: : )þþþ ÝÝÝ •• • (190‡‡‡ ’’ ’ §§§ YYY ‡‡‡ ¢¢¢ ��� ¤¤¤ ^̂̂

�� � tyvek.. . ÒÒÒ )‡‡‡ �� � ÇÇÇ 333 380nm??? þþþ ¯¯ ¯ §§§ ‡‡‡ �� � ÇÇÇ 333 92%††† mmm ¶¶¶ ‡‡‡ �� � ÇÇÇ •• • ppp �� � ´´ ´ YYY ‡‡‡ ¢¢¢ �� �

¤¤¤ ^^^ �� � EEE ÜÜÜ tyvek �� � (1082D+PE+1082D) §§§ 333 300nmžžž ‡‡‡ �� � ÇÇÇ ®®® ²² ² �� � 

 
 95%§§§ •• • ppp ŒŒŒ±±±

�� � 97%††† mmm "" " tyvekÇÇÇ �� � ppp ŒŒŒ¦¦ ¦¢¢ ¢ �� � &&& ÿÿÿ ìì ì �� � 555 UUU CCC �� � �� � ÐÐÐ §§§ ÏÏ Ï ddd EEE ÜÜÜ �� � �� � ¦¦ ¦ ^^^kk k || |
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ããã 5.56: ¤¤¤ ^^^ tyvek��� ››› ŠŠŠ LLL §§§ (††† ããã ••• üüü ��� ��� tyvek��� ¬¬¬ ¶¶¶ ¥¥¥ mmm ããã ••• VVV ��� tyvek››› ŠŠŠ LLL §§§ ¶¶¶ mmm ããã ••• ›››
¤¤¤ ��� VVV ��� tyvek��� ¬¬¬ )"""

ããã 5.57: tyvek��� ‡‡‡ ��� ÇÇÇ ††† 111 fff ÅÅÅ ••• ''' XXX ããã """
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ããã 5.58: tyvek��� ‡‡‡ ��� ÇÇÇ ††† 111 fff ÅÅÅ ••• ''' XXX ããã (���[[[ ¥¥¥ ¦¦¦ ^^^ ��� AAA ««« tyvek‡‡‡ ��� ÇÇÇ )"""

uuu UUU õõõ &&& ÿÿÿ ìì ì �� � 555 UUU "" "

ããã 5.58¤¤¤ ««« •• • �� �[[ [ ^^^ ‡‡‡ ¥¥¥ ¤¤¤ ¦¦ ¦ ^^^ �� � tyvek �� � ‡‡‡ �� � ÇÇÇ §§§ ééé uuu G4dyb�� �[ [[ ¥¥¥ §§§ ¦¦¦ ^^^ ���

%%% @@@ŠŠŠ •• • §§§ •• • $$$�� � ççç ÚÚÚ �� �:: : §§§ ‡‡‡ �� � ÇÇÇ ¯¯ ¯ 333 80%††† mmm "" " ddduuu tyvek333 YYY ¥¥¥ ‡‡‡ �� � ÇÇÇ ††† 333

˜˜ ˜ íí í ŒŒŒUUU ¬¬¬ kkk ¤¤¤ ØØØ ÓÓÓ §§§ ·· · ‚‚ ‚ II I ‡‡‡ (( ( ½½½ YYY ‡‡‡ ¥¥¥ tyvek‡‡‡ �� � ÇÇÇ "" " ééé YYY ‡‡‡ ¢¢¢ �� � �� � �� �[[ [ ¦¦ ¦ ^^^

AAA ^^^ ØØØ ÓÓÓ �� � ­­ ­ ‚‚ ‚ §§§ •• • )) ) ¯¯ ¯ 333 96.5%�� � ­­ ­ ‚‚ ‚ (tyvek333 ˜˜ ˜ íí í ¥¥¥ �� � ‡‡‡ �� � ÇÇÇ )§§§ ¯¯ ¯ 333 97.5%�� � ­­ ­

‚‚ ‚ (òòò tyvek333 ˜˜ ˜ íí í ¥¥¥ �� � ‡‡‡ �� � ÇÇÇ ­­ ­ ‚‚ ‚•• • þþþ ²² ² £££ 1%)§§§ ¯¯ ¯ 333 98.5%�� � ­­ ­ ‚‚ ‚ (òòò tyvek333 ˜˜ ˜ íí í ¥¥¥

�� � ‡‡‡ �� � ÇÇÇ ­­ ­ ‚‚ ‚•• • þþþ ²² ² £££ 2%)§§§ ¯¯ ¯ 333 99%�� � ­­ ­ ‚‚ ‚ (òòò tyvek333 ˜˜ ˜ íí í ¥¥¥ �� � ‡‡‡ �� � ÇÇÇ ­­ ­ ‚‚ ‚•• • þþþ ²² ²

£££ 2.5%)"" "

4444 YYY �� � ááá ÂÂÂ •• • ÝÝÝ

ééé uuu YYY �� � ááá ÂÂÂ •• • ÝÝÝ §§§ ¦¦ ¦ ^^^ 111 nnn ÙÙÙ �� � [[ [ ^^^ ‡‡‡ 000 �� � ¥¥¥ YYY ááá ÂÂÂ •• • ÝÝÝ�� � �� � ... §§§ a =

amin + ai §§§ ÏÏ Ï LLL UUU CCC ai �� � ŠŠŠ 555 UUU CCC YYY �� � ááá ÂÂÂ •• • ÝÝÝ "" "

ai ††† ááá ÂÂÂ ••• ÝÝÝ��� ''' XXX

ai 0.007 0.0025 0.0016 0.001 0.00074 0.00052 0.00035 0.0001

ááá ÂÂÂ ••• ÝÝÝ 30 m 60 m 80 m 100 m 120 m 140 m 160 m 200 m

LLL 5.7: ai ††† ááá ÂÂÂ ••• ÝÝÝ (••• ŒŒŒŠŠŠ )ƒƒƒ mmm ��� ''' XXX

5444 PMT



118 111 5 ÙÙÙ YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ììì ��� ... ��� ïïï ÄÄÄ

'' ' uuu PMT �� � .. . §§§ 111 nnn ÙÙÙ ^^^ ‡‡‡ ÜÜÜ ©©© ®®® 000 �� � LLL """ ééé uuu PMT �� � þþþ ff f ��� ÇÇÇ §§§ YYY ³³ ³ ���[[ [ ¥¥¥

�� � ½½½ PMT �� � ÂÂÂ 888 �� � ÇÇÇ •• • 60%"" " ¢¢¢ ��� ¥¥¥ ¤¤¤ ÿÿÿ �� �� �� ((( JJJ ¢¢¢ SSS •• • PMT ��� kkk �� � þþþ ff f �� � ÇÇÇ §§§ ééé

uuu ØØØ ÓÓÓ PMT ƒƒƒ mmm §§§ ùùù ‡‡‡ êêê ŠŠŠ ��� ÉÉÉ •• • ŒŒŒŒŒŒUUU kkk 20%§§§ ÏÏ Ï ddd ééé uuu YYY ‡‡‡ ¥¥¥ PMT �� � ÂÂÂ 888 ��� ÇÇÇ

´´ ´ II I ‡‡‡ NNN !! ! �� � ëëë êêê §§§ ÏÏ Ï LLL ¢¢¢ �� � êêê âââ 555 ((( ½½½ "" "

6444 �� �[[ [ ÑÑÑ ÑÑÑ 111 >>> ff f �� � êêê ii i zzz

ééé ¢¢¢ �� � êêê âââ ??? nnn §§§ ˜˜ ˜ „„ „ ^^^ õõõ �� � ‡‡‡ 111 >>> ff f 555 £££ ããã ÿÿÿ þþþ ����� �� �� &&& ÒÒÒ "" " ���[ [[ ¥¥¥ ))) ¤¤¤ ���

111 >>> ff f ††† ¢¢¢ �� � ¥¥¥ PMT •• • �� � ÿÿÿ �� ��� � 111 >>> fff kkk ¤¤¤ ØØØ ÓÓÓ §§§ êêê âââ ��� 111 >>> fff ´´ ´ PMT ²²² LLL ••• ÝÝÝ ���

�� � ÑÑÑ §§§ �� �[[ [ KKK vvv kkk "" " �� �[[ [ ¥¥¥ II I ‡‡‡˜˜ ˜ ‡‡‡ êêê ii i zzz �� � LLL §§§ §§§ ,, , �� � ŒŒŒ††† êêê âââ?? ? 111 ééé ''' "" " ccc ¡¡¡

®®® ??? ØØØ ééé 111 >>> �� � OOO +++ &&& ÒÒÒ �� � üüü 111 >>> ff f �� � II I ½½½ §§§ 111 >>> ��� OOO +++ ��� ÑÑÑ ÑÑÑ &&& ÒÒÒ ddd DDD ÑÑÑ ÚÚÚ11 1 >>>

ff f &&& ÒÒÒ || | ¤¤¤ "" " ééé �� �[[ [ (( ( JJJ �� � ??? nnn •• •{{ { XXX eee µµµ ééé vvv kkk ÂÂÂ ��� ˜˜ ˜ ‡‡‡ 111 ff f ��� PMT §§§ ƒƒƒ ��� uuu ¢¢¢

SSS ^^^ ‡‡‡ eee �� � mmm˜˜ ˜ €€€ §§§ ÑÑÑ ÑÑÑ UUU DDD ÑÑÑ ÌÌ Ì ÄÄÄ �� � §§§ ééé uuu ÂÂÂ 888 ��� n‡‡‡ 111 fff �� � PMT §§§ KKK UUU ììì üüü 111

>>> ff f ppp ddd ÌÌ Ì ŠŠŠ nggg ÄÄÄ �� � 222 UUU \\\ §§§ 222 \\\ ˜˜ ˜ ggg DDD ÑÑÑ ÌÌÌ ��� ÄÄÄ ��� """ ÏÏ Ï LLL ééé �� �[ [[ (( ( JJJ ��� êêê ii i zzz

LLL §§§ §§§ ŒŒŒ¦¦ ¦ �� �[[ [ (( ( JJJ ††† ¢¢¢ �� � êêê âââ?? ? 111 ���° °° (( ( ��� '' ' �� � """

5.6.2.2 RRR ††† � fff ��� ���[[[ ïïï ÄÄÄ

ééé uuu RRR ††† �� � � ff f ÿÿÿ þþþ ¥¥¥ §§§ ddduu u þþþ eee üüü ¬¬¬ ððð ccc NNN �� � ººº €€€ ••• 22cm� 34cm§§§ þþþ eee üüü ¬¬¬ ƒƒƒ

mmm �� � ååå ll l •• • 1.4’’ ’ §§§ � ff f �� � \\ \ �� � �� � �� � ÝÝÝ •• • ´´ ´ kkk ˜˜ ˜ ½½½ ©©© ÙÙÙ �� � §§§ ããã 5.59www ««« �� � ÒÒÒ ´´ ´ ]] ] ÀÀÀ ÑÑÑ �� �

RRR ††† �� � � ff f �� � &&& EEE §§§ ŒŒŒ±±± www �� � www �� � UUU þþþ 333 4GeV††† mmm §§§ ²² ² þþþ ��� theta�� � •• • 6ÝÝÝ "" "

ããã 5.59: ÏÏÏ LLL ððð ccc NNN ¬¬¬ ]]] ÀÀÀ ÑÑÑ ��� RRR ††† ��� � fff ��� &&& EEE """
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1444 PPP ~~~ žžž mmm ~~~ êêê �

^^^ �� �[[ [ §§§ SSS �� � ïï ï 

 
 �� � ‡‡‡ YYY ‡‡‡ �� � (( ( �� � �� � §§§ æææ ^^^ �� � 111 ÆÆÆëëë êêê •• • tyvek �� � ‡‡‡ �� � ÇÇÇ 99%§§§

YYY �� � ááá ÂÂÂ •• • ÝÝÝ •• • 30’’ ’ �� � �� �[[ [ (( ( JJJ XXX ããã 5.61¤¤¤ ««« "" " ††† ããã www ««« �� � ´´ ´ 111 ff f ÂÂÂ ¥¥¥ .. . ÜÜÜ �� � PMT

žžž mmm �� � ©©© ÙÙÙ §§§ mmm ããã •• • 111 ff f ÂÂÂ ¥¥¥ ýýý ¡¡ ¡ �� � PMT žžž mmm �� � ©©© ÙÙÙ §§§ CCC qqq �� � ^̂̂ ˜˜ ˜ ‡‡‡ ••• êêê ¼¼¼ êêê 555 [[[

ÜÜÜ :

f (t) =
C
�

e� t � t 0
� ; ( 5.55)

·· · ‚‚ ‚ ŒŒŒ±±± �� ��� � � =68 ns"" " ddd žžž ·· · ‚‚ ‚ �� � ¤¤¤ ^^^ �� � 111 ÆÆÆëëë êêê •• • ‡‡‡ �� � ÇÇÇ 99%§§§ YYY �� � ááá ÂÂÂ •• • ÝÝÝ

•• • 30’’ ’ "" " 

 
 ¢¢¢ �� � ¥¥¥ ÿÿÿ �� ��� � � 333 140ns††† mmm §§§ ÏÏ Ï ddd ·· · ‚‚ ‚ III ‡‡‡ UUU CCC tyvek �� � ‡‡‡ �� � ÇÇÇ ÚÚÚ YYY �� � ááá

ÂÂÂ •• • ÝÝÝ 555 ‰‰‰�� �[[ [ 555 www ˆˆ ˆ ««« ŒŒŒUUU �� � œœœ ¹¹¹ §§§ 555 (( ( ½½½ ¢¢¢ ��� (( ( JJJ ¤¤¤ ??? ��� œœœ¹¹¹ "" " XXX ããã 5.61¤¤¤

««« •• • žžž mmm ~~~ êêê � ††† tyvek‡‡‡ �� � ÇÇÇ ÚÚÚ YYY ��� ááá ÂÂÂ •• • ÝÝÝ��� ''' XXX "" " ·· · ‚‚‚ lll ããã ¥¥¥ ŒŒŒ±±± www �� � ¢¢¢ ��� ŠŠŠ

•• • üüü ^^^ mmm äää�� � ùùù ‚‚ ‚ ¤¤¤ 333 �� � ««« mmm §§§ @@@ooo ÎÎ Î ÜÜÜ ^^^ ‡‡‡ �� � tyvek‡‡‡ �� � ÇÇÇ •• • 99%§§§ YYY �� � ááá ÂÂÂ •• • ÝÝÝ

•• • 140� 20m§§§ ùùù •• • YYY ‡‡‡ ¢¢¢ �� � &&& ÿÿÿ ìì ì 555 UUU ëëë êêê "" " ŒŒŒæææ��� ¢¢¢ ���‡‡ ‡ ¦¦¦ tyvek‡‡‡ �� � ÇÇÇ > 80%§§§ YYY

�� � ááá ÂÂÂ •• • ÝÝÝ > 30m§§§ YYY ‡‡‡ ¢¢¢ �� � ‰‰‰�� ��� � (( ( JJJ '' ' ŒŒŒæææ�� � �� � ‡‡‡ ¦¦ ¦ ��� III OOO ‡‡‡ ÐÐÐéé é õõõ §§§ ÏÏ Ï ddd ééé

uuu ŒŒŒæææ�� � ¢¢¢ �� � YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ìì ì �� � �� � OOO $$$ 111 ŒŒŒ// / •• • ��� �� � ... �� � ²² ² ��� "" "

 / ndf 2c   3380 / 938
    0t  1.72± 62.47 

     t  0.13± 67.96 

A         69.3±  2741 
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    0t  1.72± 62.47 
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 / ndf 2c   3072 / 927
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 / ndf 2c   3072 / 927
    0t  1.7±  61.7 

     t  0.13± 68.04 

A         69.2±  2710 

ããã 5.60: ���[[[ ¥¥¥ PMT ��� 111 >>> fff ��� 888 ¥¥¥ žžž mmm ��� ©©© ÙÙÙ (††† ããã ••• ... ÜÜÜ ��� PMT §§§ mmm ããã ••• ýýý ¡¡¡ ��� PMT) §§§ ÏÏÏ
LLL ˜˜˜ ‡‡‡ ••• êêê ¼¼¼ êêê ��� [[[ ÜÜÜ 555 ������ žžž mmm ~~~ êêê � =68 ns"""

2444 �� �[[ [ �� � êêê âââ ††† ¢¢¢ �� � �� �éé é '' ' (( ( JJJ

ÏÏ Ï LLL �� �[[ [ ††† ¢¢¢ �� � êêê âââ �� �éé é '' ' ,YYY ‡‡‡ ¢¢¢ �� � �� � 111 ÆÆÆëëë êêê (( ( ½½½�� � ‰‰‰ŒŒŒ•• • : tyvek ‡‡‡ �� � ÇÇÇ

•• • 99%§§§ YYY �� � ááá ÂÂÂ •• • ÝÝÝ •• • 140� 20 m"" " 333 �� �[[ [ ¥¥¥ òòò ùùù 

 
 ëëë êêê �� � ŠŠŠ �� � ½½½ eee 555 §§§ ééé RRR †††

�� � � ff f ??? 111 �� �[[ [ ïï ï ÄÄÄ "" " ÄÄÄ kkk ééé � ff f \\ \ �� � �� �      ˜˜ ˜ 333 x=110cm??? ??? 111 �� �[[ [ ïï ï ÄÄÄ §§§ ããã 5.62¥¥¥ §§§

††† ããã •• • RRR ††† �� � � ff f 333 YYY ‡‡‡ ¥¥¥ �� � »»» ,, , •• • ÝÝÝ�� � ©©© ÙÙÙ §§§ ÄÄÄ �� � þþþ ÑÑÑ 333 1’’ ’ ??? §§§ •• • kkk ���êê ê �� � ¯¯ ¯ ~~~

»»» ,, , •• • ÝÝÝ �� � uuu 1’’ ’ §§§ ùùù ˜˜ ˜ ÜÜÜ ©©© ´´ ´ ÏÏ Ï •• • \\ \ �� � � fff �� � UUU þþþ ééé ��� (�� � < 200MeV)§§§ 333 YYY ‡‡‡ ¥¥¥ UUU

þþþ ›› › ”” ” �� � �� � §§§ ÊÊÊ ŽŽŽ 333 YYY ‡‡‡ ¥¥¥ "" " mmm ããã •• • � ff f 333 YYY ‡‡‡ ¥¥¥ UUU þþþ ›› › ””” �� � ããã §§§ 333 0.2 GeV ??? kkk ˜˜ ˜
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ããã 5.61: ¢¢¢ ��� ÿÿÿ þþþ ��� žžž mmm � ††† tyvek‡‡‡ ��� ÇÇÇ ÚÚÚ YYY ��� ááá ÂÂÂ ••• ÝÝÝ ƒƒƒ mmm ��� ''' XXX """

‡‡‡ ¸¸ ¸ §§§ ééé AAA†† † 1’’ ’ »»» ,, , •• • ÝÝÝ §§§ � ff f 333 YYY ‡‡‡ ¥¥¥ UUU þþþ ››› ””” zzz fff ’’ ’ �� � ••• 2MeV"" "

¢¢¢ �� � ¥¥¥ ^^^ þþþ eee �� � ððð ccc NNN 555 >>> uuu §§§ ÏÏ Ï ddd ¢¢¢ �� � ¥¥¥ ÿÿÿ �� ��� � � ff f ÑÑÑ ´́́ UUU 

 
 BBB LLL YYY ‡‡‡ �� � §§§ »»»

,, , •• • ÝÝÝ ––– �� � •• • 1’’ ’ "" " ·· · ‚‚‚ ÒÒÒ rrr �� �[[ [ ¥¥¥ »»» ,,, ••• ÝÝÝ �� � uuu 1’’ ’ ��� ¯̄¯ ~~~ �� � KKK §§§ 555 ïïï ÄÄÄ UUU 

 
 BBB LLL

YYY ‡‡‡ �� � � ff f ¯¯ ¯ ~~~ "" " ]] ] ÀÀÀ �� � �� � ¯¯ ¯ ~~~ §§§ ^^^ ããã 5.62¥¥¥ mmm ããã �� � UUU þþþ ›› › ”” ” ØØØ ±±± ††† ããã � ff f 333 YYY ¥¥¥ �� �

»»» ,, , •• • ÝÝÝ §§§ ŒŒŒ�� � ããã 5.63¤¤¤ ««« �� � � ff f 333 YYY ‡‡‡ ¥¥¥ zzz ff f ’’ ’ UUU ››› �� � ©©© ÙÙÙ §§§ ••• ˜˜ ˜ ‡‡‡ KKK �� � ©©© ÙÙÙ "" "

ããã 5.64mmm ããã •• • .. . ÜÜÜ �� � PMT �� � ÂÂÂ �� ��� � 111 >>> ff f êêê �� � ©©© ÙÙÙ §§§ ØØØ ´´ ´ ˜̃̃ ‡‡‡pp p ddd ©©© ÙÙÙ §§§ kkk ˜̃̃

‡‡‡ '' ' �� � •• • �� � ———nnn §§§ ÚÚÚ êêê âââ www �� ��� � yyy–– – ˜˜ ˜�� � "" " ééé uuu êêê âââ �� � [[ [ ÜÜÜ ¥¥¥ ¦¦ ¦ ^^^ ˜˜ ˜ ‡‡‡pp p ddd \\ \ ˜̃̃

‡‡‡ KKK �� � 555 ééé êêê âââ?? ? 111 [[ [ ÜÜÜ §§§ KKK �� � ´´ ´ ddduu u ƒƒƒ ééé UUU ›› › '' ' �� � ŒŒŒ�� � � ff f ‹‹ ‹ ÑÑÑ UUU þþþ '' ' �� � ppp �� �>> >

ff f §§§ ùùù ÜÜÜ ©©© >>> ff f •• • ŒŒŒ±±± uuu ÑÑÑ êêê ÕÕÕ ………ÅÅÅ 111 §§§ EEE ¤¤¤ 111 >>> fff êêê      õõõ §§§ �� � ùùù 

 
II I ‡‡‡ lll �� �[[ [ ééé

ddd ??? 111 �� � yyy "" "

¢¢¢ �� � ¥¥¥ [[ [ ÜÜÜ KKK �� � ©©© ÙÙÙ eee �� � ¯¯ ¯ ~~~ ¤¤¤ ÓÓÓ '' ' ~~~ 333 15%�� � 20%††† mmm §§§ ééé uuu ããã 5.63¥¥¥ §§§ ·· · ‚‚ ‚

�� � ½½½ ˜˜ ˜ ‡‡‡ UUU ›› › �� � ŠŠŠ 333 2.45Mev/cm§§§ zzz ff f ’’ ’ ²² ² þþþ �� � UUU ›› › ŒŒŒuuu ùùù ‡‡‡ ŠŠŠ ��� ¯¯ ¯ ~~~ ���ÓÓ Ó ooo ¯¯ ¯ ~~~

�� � '' ' ~~~ 333 15%††† mmm "" " ããã 5.65††† ããã ¤¤¤ ««« ÒÒÒ ´´ ´ ²² ² þþþ UUU ››› < 2.45MeV/cm�� � ¯¯ ¯ ~~~ §§§ mmm ããã ¤¤¤ ««« ���

´´ ´ ²² ² þþþ UUU ›› › > 2.45MeV/cm�� � ¯¯ ¯ ~~~ §§§ ††† ããã ŒŒŒ^^^ ˜˜ ˜ ‡‡‡pp p ddd ¼¼¼ êêê 555 [[ [ ÜÜÜ §§§ mmm ããã UUU ›› › ƒƒƒ ééé ŒŒŒ

�� � ¯¯ ¯ ~~~ §§§ ŒŒŒ±±± ^^^ KKK �� � ¼¼¼ êêê 555 [[ [ ÜÜÜ §§§ ††† ¢¢¢ �� � �� � ÿÿÿ þþþ [[[ ÜÜÜ (( ( JJJ ÄÄÄ �� � ±±± ———§§§ �� � yyy 


 ééé uuu ¤¤¤

ÿÿÿ þþþ �� � UUU ÌÌ Ì �� � ©©© ÛÛÛ ÚÚÚ [[ [ ÜÜÜ �� � (( ( JJJ �� � ÜÜÜ nnn 555 "" "

XXX ããã 5.66¤¤¤ ««« §§§ •• • � ff f \\ \ �� �      ˜̃̃ x=110cmžžž �� �[ [[ ÚÚÚ êêê âââ �� �éé é ''' ((( JJJ §§§ ÌÌ Ì // / UUU 


é éé
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TrackLengthIn Water

Entries  2000
Mean   0.9427
RMS    0.2095
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ELossInWater
Entries  2000
Mean   0.2149
RMS    0.0677
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ããã 5.62: ���[[[ ¥¥¥ RRR ††† ��� � fff 333 YYY ‡‡‡ ¥¥¥ ��� »»» ,,, ••• ÝÝÝ (††† ããã )ÚÚÚ 333 YYY ‡‡‡ ¥¥¥ ��� UUU þþþ ››› ””” (mmm ããã )"""

ELossPercmInWater
Entries  3548
Mean    2.247
RMS    0.5339

 / ndf 2c    314 / 184
Constant  12.3± 475.9 
MPV       0.003± 2.019 
Sigma     0.00151± 0.07279 

Energy loss per cm(MeV)
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Entries  3548
Mean    2.247
RMS    0.5339

 / ndf 2c    314 / 184
Constant  12.3± 475.9 
MPV       0.003± 2.019 
Sigma     0.00151± 0.07279 

ããã 5.63: ‰‰‰»»» ‚‚‚ � fff 333 YYY ‡‡‡ ¥¥¥ zzz fff ’’’ ››› ””” UUU þþþ
��� ©©© ÙÙÙ """

ID00p.e.
Entries  1774
Mean    487.3
RMS     88.32
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ããã 5.64: ��� [[[ ¥¥¥ ... ÜÜÜ ��� PMT ��� ÂÂÂ ��� ��� 111 >>> fff
êêê """

ID00p.e.
Entries  1505
Mean    463.8
RMS     45.68

 / ndf 2c  110.4 / 75
Constant  2.07± 57.68 
Mean      1.0± 467.7 
Sigma     0.9±  38.6 
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 / ndf 2c  110.4 / 75
Constant  2.07± 57.68 
Mean      1.0± 467.7 
Sigma     0.9±  38.6 

ID00p.e.
Entries  269
Mean    612.4
RMS     122.6

 / ndf 2c  49.55 / 53
Constant  8.00± 66.93 
MPV       3.9±   566 
Sigma     3.31± 28.31 
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 / ndf 2c  49.55 / 53
Constant  8.00± 66.93 
MPV       3.9±   566 
Sigma     3.31± 28.31 

ããã 5.65: ††† ããã µµµ � fff (²²² þþþ UUU ››› < 2.45MeV/cm��� ¯¯¯ ~~~ )��� ))) 111 >>> fff ��� ©©© ÙÙÙ ;mmm ããã : � fff ��� ))) 111 >>> fff ��� ©©©
ÙÙÙ (²²² þþþ UUU ››› > =2.45MeV/cm ��� ¯¯¯ ~~~ )"""
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h_15mmWater
Entries  1742
Mean    475.6
RMS     99.57
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ããã 5.66: ���[[[ ÚÚÚ ¢¢¢ ��� ((( JJJ ���ééé ''' (††† ããã µµµ ... ÜÜÜ ��� PMT ÿÿÿ þþþ ((( JJJ ¶¶¶ mmm ããã µµµ ýýý ¡¡¡ ��� PMT ÿÿÿ þþþ ((( JJJ )"""

ÐÐÐ �� � ÎÎ Î ÜÜÜ þþþ "" " ddduu u ØØØ •• • �� � PMT ƒƒƒ ééé�� � ÂÂÂ 888 �� � ÇÇÇ §§§ ���[ [[ �� � ¸̧̧ �� �      ˜̃̃ ÏÏ Ï LLL888 ˜˜ ˜ zzz ÚÚÚ ¢¢¢ ���

�� � ¸¸ ¸      ­­ ­ ÜÜÜ "" " ddd ddd ŒŒŒ�� � ÑÑÑ üüü ‡‡‡ PMT �� � ƒƒƒ ééé ÂÂÂ 888 ��� ÇÇÇ §§§ .. . ÜÜÜ ��� PMT �� � ƒƒƒ ééé� �� ÂÂÂ 888 �� � ÇÇÇ

•• • 0.69§§§ 

 
 ýýý ¡¡ ¡ �� � PMT �� � ƒƒƒ ééé�� � ÂÂÂ 888 �� � ÇÇÇ •• • 0.60"" "

¢¢¢ �� � ¥¥¥ ÿÿÿ þþþ 

 
 4‡‡‡      ˜˜ ˜ �� � êêê âââ §§§ �� �[[ [ ¥¥¥ [[ [ ÜÜÜ �� ��� ��� � ppp ddd �� � ¸¸ ¸ ŠŠŠ ††† ¢¢¢ �� � (( ( JJJ �� �éé é '' '

XXX ããã 5.66¤¤¤ ««« §§§ �� �[[ [ ÚÚÚ ¢¢¢ �� � �� � (( ( JJJ UUU 

 
éé éÐÐÐ �� � ÎÎ Î ÜÜÜ "" "
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ããã 5.67: ���[[[ ††† ¢¢¢ ��� ���ééé ''' ((( JJJ """

5.6.2.3 ‰‰‰»»» ‚‚‚ � fff ��� ���[[[ ïïï ÄÄÄ

¢¢¢ �� � ¥¥¥ ÏÏ Ï LLL üüü ‡‡‡ PMT �� � ééé ÜÜÜ ��� >>> uuu 555 ]] ] ÀÀÀ ‰‰‰»»» ‚‚‚ ��� ¯¯ ¯ ~~~ §§§ ÿÿÿ þþþ ��� ‰‰‰»»» ‚‚ ‚ � fff 333

YYY ‡‡‡ ¥¥¥ �� � •• • AAA "" " ããã 5.68•• • � ff f 333 YYY ‡‡‡ ¥¥¥ »»» ,,, •• • ÝÝÝ��� ©©© ÙÙÙ §§§ 333 1’’ ’ ??? kkk ˜̃̃ ‡‡‡ ¸¸ ¸ §§§ ÏÏ Ï •• • YYY

‡‡‡ �� � þþþ ÝÝÝ •• • 1’’ ’ §§§ ŒŒŒÜÜÜ ©©© �� � � ff f ll l YYY ‡‡‡ �� �ºº º ÜÜÜ \\ \ �� � §§§ ÏÏ Ï dddŒŒŒÜÜÜ ©©© �� � � ff f �� � »»» ,, , •• • ÝÝÝ

•• • 1’’ ’ §§§ ùùù ‡‡‡ ¸¸ ¸ ééé AAAuu u [[ [ ÜÜÜ �� � úúú ªª ª 5.53¥¥¥ �� � ppp ddd ¸¸ ¸ "" " 333 ccc ¡¡ ¡ < 1’’ ’ �� � ÜÜÜ ©©© §§§ ddduu u YYY ‡‡‡

AAA ÛÛÛ ÏÏ Ï ƒƒƒ KKK •• • §§§ »»» ,, , ••• ÝÝÝ�� � ©©© ÙÙÙ CCC qqq uuu ˜̃̃ ^^^ ††† ‚‚‚ (�� � ÇÇÇ < 0)§§§ ùùù ‡‡‡ ééé AAAuu u êêê âââ [[ [ ÜÜÜ úúú

ªª ª 5.53�� � ††† ‚‚ ‚ •• • §§§ "" " ÏÏ Ï ddd §§§ '' ' uuu ééé uuu‰‰‰»»» ‚‚ ‚ ÌÌ Ì �� � [[ [ ÜÜÜ úúú ªª ª 5.54́´ ´ ÜÜÜ nnn �� � """
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TrackLength
Entries  9307
Mean    76.73
RMS     42.92
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ããã 5.68: ‰‰‰»»» ‚‚‚ � fff 333 YYY ‡‡‡ ¥¥¥ ��� »»» ,,, ••• ÝÝÝ��� ©©© ÙÙÙ ããã """

h_15mmWater
Entries  1897
Mean    377.3
RMS     195.7
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ããã 5.69: ¢¢¢ ��� êêê âââ ††† ���[[[ ���ééé ''' ((( JJJ (††† >>> µµµ ... ÜÜÜ ��� PMT §§§ mmm >>> µµµ ýýý ¡¡¡ ��� PMT) """

ããã 5.69¤¤¤ ««« •• • �� �[[ [ �� � (( ( JJJ ††† êêê âââ �� �éé é '' ' §§§ êêê âââ 333 ééé '' ' ƒƒƒ ccc kkk òòò •• • êêê �� � .. .� �� ÜÜÜ ©©© žžž

ØØØ KKK 

 
 §§§ •• • kkk &&& ÒÒÒ �� � ÜÜÜ ©©© §§§ ,, , �� � ^^^ �� �[[ [ �� � êêê âââ ††† ¢¢¢ ��� ééé '' ' §§§ �� �[[ [ ��� êêê âââ ††† ¢¢¢ �� � �� � êêê

âââ ŒŒŒ±±± éééÐÐÐ �� � ÎÎ Î ÜÜÜ "" "

5.6.3 �� � (( (

ÏÏ Ï LLL ééé uuu YYY ‡‡‡ ééé uuu‰‰‰»»» ‚‚ ‚ � ff f ƒƒƒ AAA �� � ÅÅÅ // / �� � ïï ï ÄÄÄ §§§ (( ( ½½½ tyvek �� � ‡‡‡ �� � ÇÇÇ 333 99%§§§

YYY �� � ááá ÂÂÂ •• • ÝÝÝ 333 140� 20m§§§ YYY ‡‡‡ &&& ÿÿÿ ìì ì 555 UUU ššš ~~~ ÐÐÐ "" " ÏÏ Ï LLL �� �[[ [ ††† ¢¢¢ �� � �� � êêê âââ ©©© ÛÛÛ §§§

ééé � ff f 333 YYY ‡‡‡ ¥¥¥ �� � •• • AAAkk k 

 
 ¿¿¿ ©©© �� � nnn )) ) ÚÚÚ @@@£££ §§§ 222 ggg �� � yyy 

 
 ŒŒŒæææ�� � YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ

ìì ì �� �[[ [ ^^^ ‡‡‡ �� � kkk �� �55 5 ÚÚÚ ŒŒŒ‚‚ ‚ 555 §§§ ÓÓÓ žžž ��� yyy 

 
 &&& ÿÿÿ ìì ì ��� OOO ��� ŒŒŒ‚‚ ‚ 555 "" "
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111 6 ÙÙÙ ooo ((( ††† ÐÐÐ """

ŒŒŒæææ�� � ‡‡‡ AAA æææ¥¥¥ ‡‡‡ ff f ¢¢¢ �� � ´´ ´ ˜˜ ˜ ‡‡‡ $$$ �� � .. .�� � ¢¢¢ ��� §§§ ‡‡‡Î ÎÎ ÜÜÜ &&& ÿÿÿ ìì ì ééé ‰‰‰»»» ‚‚ ‚ � ff f ‘‘ ‘ 555

�� � �� � .. .�� � üüü ØØØ ååå XXX ––– '' ' ­­ ­ ‡‡‡ �� � ŠŠŠ ^^^ "" " �� � ŸŸŸ ØØØ ©©© ééé uuu YYY êêê ÕÕÕ ………ÅÅÅ &&& ÿÿÿ ìì ì �� � ˆ̂ˆ ««« �� � OOO •••
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