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Abstract 

The Daya Bay Reactor Neutrino Experiment aims at the precise measurement of the 

neutrino mixing angle ɗ13 in the neutrino mixing matrix by comparing observed Inverse Beta 

Decay (IBD) event rates at both near and far baselines from six nuclear reactors. The most recent 

result from the Daya Bay experiment is sin
2
2ɗ13 = 0.089 ± 0.010 (stat.) ± 0.005 (syst.). The 

majority of the systematic uncertainty is due to backgrounds induced by cosmic-ray muons. To 

minimize these uncertainties, the Antineutrino Detectors (ADs) are deployed underground with 

redundant muon veto systems. A muon veto system consists of a water Cherenkov pool and an 

resistive plate chamber (RPC) detector array. 

The performance of the RPC detector is researched in this paper. The detector is featured by 

the high detection efficiency, simple mechanical structure, low cost and large area application of 

convenience. The bakelite RPCs without oil in Daya Bay experiment are first applied in low 

counting rate environment, so this paper has done some researches about this. For ensuring the 

successful application, quality control was introducd into the bare chamber test.The test result 

indicates that the mean of efficiencies is 95%, the mean of noise rates is lower than 1000 Hz/m
2
, 

and the mean of dark currents is lower than 10 ɛA/m
2
, which are consistent with the design 

objects. After that many difficulties such as water drops, high humidity, high voltage sparks, gas 

leak and data loss, were gotten over during the detector installation and commissioning. After 

combine and debugging in the detector and aid systems, the detector worked in time and 

normally. 

The bakelite RPC is featured by big noise rates. So the precise calculaton of the efficiency 

and noise rates become the key when in the envirment with low event rates. The calibration 

algorithms were developed in NuWa offline framework. Based on the calibration software, the 

3/4 efficiencies from EH1, EH2 and EH3 are (95.13 ± 3.2)%, (91.11 ± 5.5)%, (97.53 ± 3.1)%, 

respectively. And after long term monitoring, the performance decline of detector was found. By 

doing all kinds of tests, the spacer ungluing as the main reason is acknowleged. Especially the 

different layer wich different location was loaded by different pressure, which makes different 

performance decline. In the end, some suggerstions about making RPC detector perfect from 

different view such as bare chamber production, module structure design and installation were 

given. 

 

Key words: 

Daya Bay, low counting rate, RPC, cosmic rays test, commissioning, offline calibration, 

performance decline 
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 ү  ҽ ѐ  

2.1  

2.1.1 ѐ Ӯ 

ӣѫ ѐ ̙  2.1 [10]̆ ῆ ̆

‍ѝч ̆ ̂fermioñ ̂ Ь‟̃ ̂bosoñ̂ У‟ Ȃ̃

- Ἷ ̂FermiïDirac statistics̃̆ з ‾а ̂Pauli's 

exclusion principlẽȂ - ̆ за ‾а Ȃ

ꜛ Ἷ̂quark̃̂ ч ̃ ̂leptoñ̂ ч Ȃ̃ὲѐ ‍ eȁɛȁ

ŰԈ e ѐ ̆ɛѐ Űѐ ̆Ԉ ԏ Ȃ ѐ

̂neurtinõ а ̆а б ҵᴐ ҵᴐ ̆ б ҵᴐ Ȃḣ

̆ ѐ ̂oscillatioñ ‡ ѐ Ȃ 

 

 2.1 ‍  

ѐ ᴐ ̆ Ԉ ṁУэ ̆έ

ᴇ  2.1  2.2 Ȃ 
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 2.1 ѐ  

    

    

ѐ  n1 n2 n3 

ѐ  ne nm nt 

ѐ ̆ зὲ а ұ ᴐ ̆ѐ ּ

ѐֶ ̆ У ѐ ѐ У ѐ Ȃḣ ̆ѐ

ӊ ѐ ̆ὲּ ‡ ѐ Ȃ

Ὠ (2.1) ̆ ҵᴐ Ю  |ɜa > Ԉ ѝ |ɜi > 

╗ ү̆ Ὧ ‾ Maki-Nakagawa-Sakata-PontecorvôMNSP̃ έ̆ᴇ Ὠ (2.2)Ȃ 
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ὲѐ
1
f

2
f Majorana ᴁ б̆ѐ Ὧ ŭ̕CPѝ CP ᴁȂ 0ŮɗijŮ /́2̆

0ŮŭCP, 1
f , 

2
f Ů2Ȃ́ 

2.1.2 Ѭ 

MNSP ѐ 3 э ḣ̆ Ԉ ѐ аѝ Ȃɗ12

ѐ ̆ Homestake [11]ȁ ‾ GALLEX [12]ȁ SAGE 

[13]ȁ Kamiokande [14,15] ╗ SNO [16,17,18,19,20] ὲаѝ

̆ ҂ ҩ ῆ Ȃɗ23 ѐ ̆ў Kamiokande

Super-Kamiokande [21] ὲаѝ Ȃ 

ѐ ̆ѐ Ὡэ ̆ ѐ Ѯ чэ

ȹm21
2
ȹm32

2̆Ьэ ɗ12ȁɗ13 ɗ23̆ Уэ CP ᴁ ŭCPȂ Ἴ

₥ ȁ ȁ ╗ ̆ ѐ Ьэ ‎ ḣ s̔in
2
2ɗ12̆

sin
2
2ɗ23̆ȹm21

2
|ȹm32

2
|̕ ḣꜛ sin

2
2ɗ13̆ ŭCP̆ ȹm32

2 Ȃ 

sin
2
2ɗ13 ֶ ӊ Ȃ Ἴ̆ ᴐѝѐ ѐ

Ὡэ ѮЎὲ ḣ Ὧ ⁮ ѐ Ȃ MNSP

ѐ
c p

i

e
d-

sinɗ13 ѻ̆ ɗ13 ᾱ ҩѐ ѐ CP Ȃ

sin
2
2ɗ13> 0.01̆ ‡ѐ CP ЮУԆ ѐ ̆

ѐ ð а ̕ sin
2
2ɗ13< 0.01̆ ‡ Ԉ ЮУԆ ѐ

CP ̆ ╕ ̆ ѐ ̕ὲ ̆

sin
2
2ɗ13 ұ ҂ У Ȃ а

sin
2
2ɗ13  Уэ Э ḣ̆ ѝ Ѭ ̕ Ь̆

ɗ13ᴐѝ Ὡэ ѐ чэ ѮЎ ╠ұҩ

б Ἷ Ѯ Ὧ Ȃ ̆ѐ Уэ̆҂ ₥ УУэ

  ῆ ̂ ῆ ѝѐ ѝ 0 Ȃ̃

ḣ ╠ұ б ⁞ Ȃ 
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2.2 ҽ ᴇ ‚ 

2.2.1  

ҽ Ѯ₥ CHOOZ   s̔in
2
2ɗ13Э ѝ 0.17̆

3.9% [22]Ȃѝҩ ⁮ 0.01 ̆ ⁸ 1%ѮᾃȂ

Ὧ ȂѮ Ԉ ҽ ɗ13̆ ў

чэ ‾ ̔1̃ ╖ ̆ ᵏ ѐ ̆ ‾ұ ̆

῏ Ȃ ₥ ҽ чэ Ὥ̆Ὡэ ̆ ╖ 17.4 GW̕

2̃ ̆ ╠ұ ῏ Ȃ  2.3

ҽ ᴁ ̂ ҽ ᴁұ Э ᴁ ̃̆ ҽ Ԉпשּ 50Ὠ ̆

пא 55Ὠ Ȃѝҩ 0.01 ̆ Э ꜛ ԈЮִ̔ע 

1)  

CHOOZ ̆б Ὧ ⁮ 2.1%Ȃ

̆ ⁮ ѐ Үᴿ ̆ Ԉ

Ὧ Ȃ 

2) ὤ  

Ὥ эὤ ѐ ̂antineutrino detector̃̂ э 20

̃̆ чэ ‍⁞ чэ Ȃ аӨ Ԉ а Ѯ

Ὧ ̆ з Уэ Ѯ Ԉ ҵ ̆ ᴂ Уэ ᾃ

Ὧ Ȃ Ԉ ̆ У

Ȃ 

3) ѐ Ь  

ᴳ ᴐѝѐ ̆ѐ ̆ ұ

ס Ἵ Ȃ ᴳ ̂ ̃ᴐѝ ̆ ῏

̆ ⁞ Ἵ ᷁ ̆ ᴂ Ȃ 

4)  

ѐ ᴁ ш ɗ13 ̆ ҩ‾

̆ ҩ ‎ׂ ̂water cherenkov detector̃

̂resistive plate chambers detector̃ ̆ ұɛ
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99.5%ԈЭȂ ұ ‎ׂ Ԉ4ˊᴇ ꜛ ѐ

̆ з ᶑ֗ᴉ Э 2.5 m ӊ ѐ

Ȃ ѐ ת̆ ɛ Ԉ ‾ ɛ

ѐ Ὧ ╕ Ԉ ‍ Ȃ 

1. ѐ  

У Ԉ Ἵ ᷁ Ἵ ̆ У Ԉ ᴂ ̆ ҩἽ

᷁ ᴳ Ȃ Ἵ ᷁ э а ╗ ᾳЮ ̆῏

″ [23]Ȃ 

 

 2.3 ҽ ᴁ  

 עִ 2.2.2

₥ ⁮ ҽ ‾ ɗ13̆ ᵑ

ұԈЮὨ ̔ 

 

1 3 1 2

2

2 2 3 1

1 3

2

4 2 2 2 1

1 3 1 2

( ) 1

                  1 s i n 2 s i n

4

                       c o s s i n 2 s i n

4

e e
P P P

m L

E

m L

E

n

n

n n

q

q q

­ = - -

å õD
= - æ ö

ç ÷

å õD
- æ ö

ç ÷

 (2.3) 
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 2.4 ҩ ѐ ΰ L Ὧע ̆ Ԉ

2э Ȃ Уэ L å 1.8 km̆ P13 ў ᴐ ̆ ɗ13 ̆ үэ

L å 60 km̆ P12 ў ᴐ Ȃӱ  2.4‍ ̆ ᴁ

ұ ɗ13 ̆ Ԉ Ȃ ᴁ

ұɗ13 ̆ L < 300 m̆  

ѐ Ȃ Э ִ ᾳȂת ҽ 6э ̆3э

̆ Ὥ 18 Ȃ ̆ ҩ ̂ ҽ ֶ

⁮ ѐ ̆ᴳ ὲ ⁮ ѐ ȁ̃ ̂ ұ

а ⸗̆L< 300 mᾃ а שּ ɛ а ̃ ̆Ьэ

ᴁ  2.5 Ȃ ̆ Ь Ѯ ̆  sin
2
2q13

90% ᶕ Э ⁮ 0.01̂ ұ ɗ13 Ḯ ה ת̆

ɗ13ḣ Ȃ̃ 

 

 2.4 ѐ ΰ б Ὧ  
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 2.5 ҽ  

2.3  

 2.6  2.7 ̆ ҽ ў ч ‍ ̔У ж

ѐ ѐ [24]̆ү ұ ɛ ̆

Ѯѝ Ȃ ‎ׂ [25] [26] ч̆

ɛ ̆ Ԉ ҵ ̂cross check̃̆  ɛ Ȃ ‎ׂ

Ԉ ᴐѝ Ӯ ̆ ұ ɛ Ԉ Ȃ ѐ

ұὲѐȂ ᴐѝ ̆ᴁұ Э ̆ў ұ

Э ɛ ̂ ѐ‍ б 90 Ȃ̃ ч ѐ ̆

з 3 m ̆ чэ ў̆ ұ ɛ ‍ [27]Ȃ 

 

 2.6 ҽ   2.7  
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2.3.1 ѐ  

 2.8  2.9‍⁞ ѐ ᾃ Ȃ ҽ УὭ

ὧэ ѐ ̆ὲѐ ҽ чэ ‍⁞ чэ̆

эȂ ѐ 5 m 5 m ̆ Ь ̆

⁮ ‍⁞ѝ ̂Gd̃ ̆ Ȃὲѐ ѐ ᴇ‍⁞

3 m 4 m Ἵ ̆ ұа ⁸

ᴐ Ȃ ѐ 4 m ̆Ἵ ᷁

ЭȂ ᾃ 20 ѝ 0.1% ᴇ ᴇ̆ᴐѝ ѐ

̕ѐ 20 ᴇ ᴇ̆ὲᴐ ╠ ѐ ѐ ᶌ

  ɔἽ ̆ ѐ ̆ ᶑ Ь Ѭ

ѐ ̆ ᴳ а ᴁ ѐ ᴇ ̆ѐ

ұ ̕ 40 ̆

ў ұἽ ᷁ Ԉ а Ȃ 

 

 2.8 ѐ ᾃ   2.9 ѐ  

Ὠ (2.4) ̆ ҽ ‾ ɓ ̂Inversed Beta Decay̆IBD̃

ѐ Ȃ 

 
e

p e nn
+

+ ­ +  (2.4) 

 2.10 ̆ ӊ ѐ ĕ
+ ‍ ╟ ̆

1.8 MeV⁮ 8 MeVȂ ұ ɓ ΰ ᾃ ̆

ѝ ᶕ Ȃѐ 28 ɛs ֶ ᶌ   ѝ 8 MeV ɔἽ
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̆ ѝ ᶕ Ȃ ѐ ᶕ ᶕ Ȃ ᶕ ̆

Ԉ ̆έᴇ Ю̔1̃ ᶕ 1 - 200 ɛs̕2̃ ᶕ

0.7 - 12 MeV̆ ᶕ 6 - 12 MeVȂ ̆ чэ ̔ 

1)  

 2.1 ̆ Ө ѐ̆ ~200 ɛs ᶌ   2.2 MeV

ɔἽ ̆б שּ ̆ ὡҩ ̂< 3 MeṼб ᶕ

ṝ Ȃ‾ ̆ѐ 28 ɛŝа ֶ ⁮а ѐ

̆ 0.1% ѐ 28 ɛs̃ ᶌ Ԉ ⁮

ᶕ 8 MeV̆ ̆שּ зҮᴿ ѝ ̆ Ԉ

ᴂ ṝ Ȃ 

2) ↄᴐ  

а ҂ ᶌ ѐ ת̆ ̆ ѐ ᶌ

49000 b̆ ѐ ᶌ 0.3 b̆ ᴳ ᶌ ѐ Ԉ

а ̂Ү Э ҽ ṁ ж ѐ ᶌ ѐ Үᴿ̆ ⁮ q13

3ů [28]̆ з ᶌ ᴿȂ 

 

 2.10 ᶕ ӊ   2.11 ѐ ᶌ  

2.3.2  

ҽ ѐ ў ұ ѐ ɛ ὲӊ

  ɔἽ Ȃ῏ ў שּ
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̆ ᾃȂѝ ѐ э Э

2.5 m ѐ̆ӱ ᴳ 1 - 2 MeV ɔἽ 2.5 m ̆

ὲ ᴂ 6э Ȃɛ ֶ ӊ ѐ

̆҂ ᴂΰ᷁Ȃḣ ̆ ɛ аУ ̆

ɛ ‾ Ὧ ᴂὲӊ ѐ Ȃ ̆

ѐ б ̆ Ԉ ᴂ ѐ Ȃɛ ѐ

ѐӊ ѐ Ὧ Үᴿֶ ѐ Үᴿ̆׆ ў Ȃѝҩ

ᴂ ѐ ̆ ׂ ȁ

ɛ Үᴿ̆ӱ ‾ Ὧ ᴂὲӊ ѐ

Ȃ  2.12ѝ Ȃ 

 

 2.12  

 2.13 ̆ ѝὧ ̆ ѝ 16 m ³ 16 m ³ 10 m̆ э

2.93 mȂ ҂ѝὧ ̆ ѝ 16 m ³ 10 m ³ 10 m̆ э Ӊ

2.93 mȂ ὧ ‾ұ ᾃ ᾿ Ȃ ѝ ҩ᾿ע

̆ ᴳ ᶑ ̆ӱ ᶑ ɛ έ Ȃ

а Э Tyvek ‍ чэ Ἵ ‍̆ з Э
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ҩ ᴁ ⸗‍ У Ἵ ᷁ ̂ 288э8òἽ ᷁ ̆ 384э8ò

Ἵ ᷁ ̃̆ ᾃ ч Ӵ Ȃ ѝ 1 mȂ 

Ȃ ѝ 2.2 m × 2.17 m

‟Ȃ Ὥ 9 × 9э ч̆э 6 × 9э Ȃ

‟   1 m ̆Ԉ῏ ᵛ

Ȃ Уэ 4 ̆Ḯ ѝ 95%̆ ѫ

4 3 Ю ⁮ 98.6%Ȃ ᶕ   У

  ̆ ч ү ᴁ̆ ɛ Ԉ ⁮ 10 cm Ȃ 

ч ׂ б ̆ ɛ ӊ ѐ

Ԉ ⁮ 99.5%ԈЭ̆ ұ 0.25%Ȃ  ִ□ ұ̆ ѐ

֗ᴉУ ̆ чэ ̆ ‍⁞ ɛ ҵ̆ ̆

Ȃ 

 

 2.13 Ӵ  

2.4  

ѝҩ 90%ԈЭ ᶕ Ю ̂ sin
2
2q13 > 0̃ ̆

ұ0.6%Ȃ ꜛ ̆₥ Ԉ ѐ

ᴂ̆έᴇ ꜛ ᴳ Ȃ ̆

80 Ь Ԉᴳ ұ0.2%Ȃ аֶ ѐ

ᴂ̆ ҽ ұ ⁸Ȃ ѐ

ȁ ̆ὲѐ₥ч Ԉ ‍ѝὯ
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Ὧ Ȃ Ԉ Ὧ ̆ ὤ ѐ

Ԉ Ὧ ̆ Ԉ

̆ᴳ ᶕ ұ0.3%Ȃ 

ҩ55 ̆ 3эAD╗ а 10000эѐ Үᴿ̂ Ԉṁ ה

̔ ⁮0.2% ̆‡ ұ ᷆ Ὧ ̆

55 25᷁ ̆ ⁮ ╗ҩУэ ѐ 5̆5 × 25 × 3/4 = 1032

̆ ұ3 Ȃ̃ѝҩ ̆ 2012 3 8 ̆ ҽ ἼὨ ҩ 6э

ѐ [8]̔ 

2

1 3
s i n 2 0 .0 9 2 0 .0 1 6 ( . ) 0 .0 0 5 ( . )s t a t s y s tq = ° °

 

₥ ҽ Ὠ [9] ̔ 

2

1 3
s i n 2 0 .0 8 9 0 .0 1 0 ( . ) 0 .0 0 5 ( . )s t a t s y s tq = ° °

 

 2.14  2.15 Ԉ ⁮ ұ ѐ ѐ ̆

ѐ ̆ ѐ ᴿ ̆

Ԉ sin
2
2q13̂ ₥ sin

2
2q13 ‾ У ╕ ̆ ЮУ ֶ ‾

‍ ̃[29]Ȃ  2.16 ҩ э q13 ḣ ̆ Ԉ ⁮

ҽ ұὲӹ ̆ э q13 ᴁ ̆Ԉ

̆ Ԉ ⁮ ҽ ұ Ȃ 

 

 2.14   2.15 ҽ э ѐ ΰ  
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 2.16 эѐ ɗ13  

 



 

30 

 Ь   

3.1 ᴐ  

Эй 80 Ԇ R.Santonico ӝ р Э   У

ᴇ [30]Ȃ ᴇ ᴐѝ ̆

ᴐ ̆ б ᴇ‍ ֶӊ ̆ ᴐ Ю

̆ ᴳ ᾃ ӊ Ἵᶕ ̆ ᴳ  

ᶕ Ȃ ᴂҩ ȁ ᶕ ̆ӱ

ᴂҩ⁸ ̆ У ‍ Ȃ ҂

ѐ ⁮ ̆R BaBar [31] B̆ELLE 

[32]̆ALICE [33]̆ATLAS [34]̆CMS [35] ӏא ԍ[36̆ 37̆ 38̆ 39̆ 40̆ 41] Э

Ȃ ⁞ ╖ ұאӏ ԍ ̆

̆ὲ ⁮ҩ ̆ У ѐ

[42] [43]Э Ȃ ұ ӏא ԍЭѓ ̆ ҽ

ṁҩ Ὧ ̆ Э ҽ ⁮ У עִ

[44,45,46,47,48]Ȃ ҂ ᴂ Ȃ 

 3.1 ̆ɛ ֶбч Ѯ ᴇ‍

̆ᴳὲ ̆ӊ ‫ Ȃ Ҿ Ю ̆а ᴳ

ᴇ   ̆ ᶕ ̆ Ҿ ֒̆ ֶ У Ἵᶕ

Ȃ ᾃ Уэ Ἵ ̆ ᴁ ֶӊ

ӱ̆ע   ȁ Ȃ ֶ ‍ ̆

ᵛ   ᶕ Ȃ  3.2 ҩ Ἵ Ю‾ ᶕ

Ȃאӏ ԍ ᴐ Ἵ ̆  ᶕ а ╗₥ 100 ɋ

רּ Ю Ԉ ⁮200~400 mV ᶕ̆ Э ѝ20 ns̆ Ю ѝ100 ns [49]Ȃ 
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 3.1 ᾃ   3.2 Ἵ ᶕ  

3.2  

ӏא ԍɛ ⁞ ᴁұאӏ ԍ ̆ὲѐᴁұ שּ Ὥ 9

̆ Ὥ 8 ̆ аӨ Ԉ e
+
e

- ⁮ ɛ ̆ Ԉ

‾  ɛ ̆ з ᶑбў ⁮

У ̆ӱ Ԉ ɛ ╟ ɛ ˊ ⁞Ȃ Ὧ ꜛ

ȁɛ/‍́ ȁ ‍ ᴳ ̂ ע Ȃ̃ ӏא ԍɛ ⁞

[50]̔ ů95%̆ ‍ ůz  < 30 mm̆
rf

s  < 30 mm̆ ‍ а ұ 50 

ns̆ ɛ/‍́ P(ɛ/ˊ) < 5% @ 1.0 GeV̆ ᴳ  > 5 Ȃ 

ҽ ұ ̆ў ɛ ɛ

ὡ Ȃ ɛ ̆ṝ ᴂ̆

ᴳ ̆ У  ɛ Ȃ ҽ

̔ ů95%̆ Ů1000 Hz/m
2̆ᴳ ů3 Ȃ 

3.3  

3.3.1  

ᴐѝ ̆ὲ ֙ ‍ѝ ̂bakelitẽ

̂glass̃ ч ̆ὲѐ BaBarȁATLAS CMS ₥ ̆Belle STAR‡ Ȃ

ִ ̆ Ἵ ̆ᴇ ‍ ⸗̆а ⁮ ע ̆
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ת ѐӊ ̂HF̃ [51]̆ ў ̆ а

‾ұὲ ұ ⁸ᴐȂ ҂ ѝ ̆ў ȁ

̆ ╗ ₉ ₉̆ Ὥ ע ⁮ ‍ Ȃ

ᴇ Ԉ ӊ ѐ Ȃ ұа

⁸ ╒̆҂ֶ ᴇ ̆ ⁸ ѐ ш ⁸

⁸ ╒̆ ᶑ ᴐ Ю Ȃ ̆ ӏא ԍ

ᴇ 22 ± 2Ņ 0.2 × 10
12 
ɋĀcm - 2.0 × 10

12
 ɋĀcm[36,37]Ȃ

Ҿ נ ̆ ὁҩ Ȃת ὲ ⁮

ע [52]̆ зὲ Ἵ ұ ̆ ṁ У Ἵ Ȃ

╕ ҽ ̂linseed oil̃ ̂ҽ ִ Ԉ

̆έ נ ת̆ У ̃̆ ת з

Ю ⅍Ю [53]Ȃѝ ӏא ԍ ᾃ ⁸ҩУ

ѮѝЬ ᴇ ̆ӱ ᴳᾃ Ἵ ⁮ Ȃ  3.3‍⁞ ‟

ҩאӏ ԍ BaBar Ь Ю ẹ[50]Ȃ Ԉ

ӏא⁮ ԍ Ἵ BaBar з̆ ҩ ̆ аẹ BaBar

̆҂а Belle ⁮ ̆

ӱ ҩ Ȃ 

 

ӏא 3.3  ԍ Babar ẹ 
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ӏא ԍ ̆ ̆

⁮ҩ ̆ ұ э Э̆ У ҩעִ

ᴇ ̆ 22 ± 2Ņ ὲ ⁸ 0.5 × 10
12 
ɋĀcm - 2.5 × 10

12
 ɋĀcm ᾃ̆

ҩ ᴇ ⸗ ̆ӱ ᴳ ұУ Ȃ 

ᴇ ḣ ṁУҾ Ȃ ᴇ ̆ᴳ ᾃ

ᴐ ᴂ Ԉ̆ Ю ȂḮ ЭЮч 1 m × 2 m 2 mm ᴇ

ѝ 2.5 × 10
12

 ɋĀcm 100 ɛĂ з ᾃ ұ  ̆ ȹV = ч

 ×  = 2.5 × 10
12

 ɋĀcm Ĭ 4 mm Ĭ 100 ɛA /(1 mĬ 2 m) = 5000 V̆

ᴐ 7600 V̆ ‡ ᴇᾃ E = U/d = (7600 Vï 5000 V)/2 mm = 1.3 × 10
6
 V/mȂ

₥ ᴐ ᾃ Ȃ ᴇ ̂ᴿ ₥ḣ Уэ ̃

ֶᴳ ᴇᾃ ᴂ̆ ╗ ̆ ‡ֶ У ‫

שּ ̆ ҂ֶ ╗ Ȃ ᴇ ⁮ ᴂ

҂ᴳת̆ שּ ᴂ̂ שּ ᴇ ῏ Ȃ̃ Ѯᴂ

ᴇ ֶᴳ ת̆ ⁮ שּ [50]Ȃ 

ұאӏ ԍ ᴐ ִ̆Ἴ

̆ѝ У ̆ ӏא ԍ ᴇ ᴇḶ Ȃ ҽ

έ ᴂ ִ̆Ἴ ɛ έ ̆ ҽ

ᴇ ᴇḶ Ȃ 

 3.4ѝ ᴇ Ȃ ̆ᴇ Ԉ ԈЮ

Ὠ ̔ 

 
S U S

R

d I d

r= ³ = ³ (3.1) 

ὲѐ S ̆d Ȃ ұ ᴇ

ᵑ Ὧ ̆ Ԉ ₥ 24 Ȃ‾ ԈЮὨ ̆

У Ю ᴇ ѝ 20Ņ ῆᴇ Ԉ̆ᵳ ὲӹ Ю ⁮ ᴇ

У Ȃ 

 
0 .0 6 ( 2 0 )

2 0
1 0

t

t
r r

-

=  (3.2) 

ὲѐ t ̆ ᴁ Ņ̆ɟt ѝ t ᴇ Ȃ0.06
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ұ נ Ȃ  3.5 ҩҽ 20Ņ ᴇ

‍ 1̆ Ԉ ⁮ᴇ ḣѝ 1.298×10
12

 ɋĀcmȂ 

ԈЭ ᴇ Уэ ̆ Ȃ

ѝҩа ̆ ҩ ₥ᴇ ḣנ Ю̆ У Ȃ

Ὠ (3.1)ṁУЮ ̆ Ԉ ⁮ ᾃ ᾳЮ̆ה ᴇ

Ὠ ̔ 

 
U S

2 I d

r
³

=

³ ³

 (3.3) 

2 × d ч ̂ ѝ 4mm̃ Ȃ эה Ὠ ұ ЭЮч

ᴇ נ Ḯ ̆ נ ṁѝ 0̂ ̆

ѝנ 0 Ȃ̃ ⁮ ᴇ ү ḣȂ 

 

 3.4 ᴇ   3.5 ῆᴇ ‍  

20Ņ 0.4 - 1 Mɋ/Ǵ̆ ᴂұ

ұ э а Ȃ ұ У ӨУ ̆

̆ᴳ ̆ᴳ ╗ Э ᴂȂѡэᴿ ̆Ḯ

ѝ1 Mɋ/Ǵ 100 ɛĂ ұУ 1 m × 2 m ̆

⁮ ȹV =  ×  ×  = (1 m Ĭ 2 m)/(1 m Ĭ 1 m) Ĭ 1 Mɋ/Ǵ 

Ĭ 100 ɛA = 200 V̆ ╗ҩ 3800 V ̆ Э ╗ ҩ 3600 V ̆

а Ȃת ᴐѝ   ᴂֶ̆ 

                                                 

1 ᴇ ᴐ  
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У ̆ ⁮   ᶕ Ȃ 

3.3.2    

  0.035 mm б ̂FR4̃ ̆

ѝ 0.25 - 0.3 mmȂ ᶕ Ԉ‾  

 Ȃ ӊ Ἵ ᶕ ᴳ Э эᴁ ̆ӱ ᴳ

  ᴁ   ̆ ‍⁞   ч  Ȃ   ᶕ

 ̆ У ᶕ ̂ ̃̆ У ‡ֶ Уэ ḣ

ұ   רּ ᶕ ̆῏ ᶕ ӊ Ȃ ұ  

ұ ̆ Ԉᴳ ּ ᶕ   ּ ѝ

[54][55][56]Ȃ ᶕ ⁮₥ ⁞ ̆ ᶕ ұ ḣ̆‡

 Уэ    ѐᶕ Ȃ‾ Уэ ҮᴿЮ   ᴁ ᶕ ̆

Ԉ ɛ ̂track̃ Ȃ   ‎ ὯȂ 

Ἵ Ю̆ ұ  ᶕ ̆а ₥ ̆

а Ὧ ̆ ᾳЮ   ᵳȁ

ȂУ ѝ᷁ Э ӱ ‍ [57]̆ 3.4̆ У ḣ ̆

  ұ ѝ ŵ  ̃ ᾃ ⸗‍ ‡̆ὲ

Уע   Ю ̔ 

 
1 / , / 2 / 2

( )

0 ,

w w x w
f x

- < <ë
=ì

í ὲ
 (3.4) 

ѫὲ ‍ ̂‍ Ḷ ̃ѝ̔ 

 

/ 2
2 2

/ 2

( ) ( )

1 2

w

w w
w

w
f x x x d xs s

-

= = ³ - =ñ  (3.5) 

Ԉ ⁮   Ю   ̆ ‍ Ȃת ⁮᷁

У ̆   ⁮У ֶ̆ 

ᶕ ̆ ‍ Ԉ У Ȃ 
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 3.6   ᴁ ‍  

ұאӏ ԍɛ ⁞ а ᴁ   аЎ аᾋ ὡ Ȃ ҽ

‫   ̆ ᶕ   Э ּ ⁮ᶕ   Ȃ

ұ   ў ч ȂУ ᴳ 2 m   ̂б ̃̆

  Ԉ Уэ Ȃ У OPERA

[58]̆ᴳ   ̆ э ‟̂OPERA 8 m   ̃̆ ὲ

Ԉ ᴂ   ̆ӱ ᴂ Ȃ а   ᶕ

̂ У а 2 m   ̆ ү а 6 m   ̃̆

ч   Ԉ Ȃ2 m   ұּ ᶕ ῏

̆   ᶕ 6m   ╗ ᾿Ȃ  3.7  3.8 ̆   ̆

ᶕ Ю ̆ Ԉּש‍ ᶕ ̆ᶕ Ȃת ᴳ

  ╗̆ ֓ ⅍Э Ȃѝ ч Ѯ Уэ ̆

Ю̆ ᴂ Ȃ 

 

 3.7 а 2m   ᶕ   3.8 а 6m   ᶕ  
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У ᾱ ñZò   ̆ Ԉ ̆

ᶕ [59][60]Ȃὲ  3.9 ȂñZò   ѝ 2.1 m × 0.26 m̆ ὲ

ѐ ⸗‍ Ȃ а ᶕ Ḁ ̆ᶕ

ñZò   Эּ ұ 8.4 m × 6.5 cm   Эּ ̆

ᶕ Ȃ Ὠ (3.5) ⁮   ‍ 26/ 1 2 = 7.5 cmȂ 

 

 3.9 ҽ ñZò    

רּ 3.3.3  

ּ ̆ ұ  3.10 ᾰͅ Ὠ (3.6) ּ Ὠ (3.7)

[61]Ȃ 

 

 3.10 ὡ ᶕ ‍  
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2 1

2 1

r e f l

i n c

V Z Z

V Z Z

r
-

= =

+

 (3.6) 

 
2

2 1

2
t r a n s

in c

V Z
t

V Z Z

³
= =

+

 (3.7) 

Ὠ (3.6) רּ Z2   Z1 ̆ ɟѝ0̆ὡ ᶕ

ὤ Ȃ רּ ḣZ2 ұ   Z1 ɟѝ ̆ ᶕ ὡ ᶕ

̆ ᾳ   б ̂ῆ ᶕ ̃ ̆ רּ

Z2ѝ0 ̆ ѝ-1̆ ᶕ ᶕ ȁ ȁ ȁ

Ȃ רּ ұ   ѝ ̆ ᶕ ᶕ ̆

ᾳ   ֗ᴉ רּ̆ ѝÐ ̆ ѝ1̆ ᶕ

ᶕ ᶕ ȁ ȁ ȁ Ȃ 

  Ԉ ԈЮ Ὠ ⁮[56]̔ 

 

1

2

8
6 0 ( )

4
, ( / 1 )

1 2 0
, ( / 1 )

[ 1 .3 9 3 0 .6 6 7 ( 1 .4 4 ) ]

1 1 1 2
( 1 ) ( 1 ) (1 )

2 2

L

e f f

L

e f f

e f f r r

h w
L n

w h
Z w h

Z w h
w w

L n

h h

h

w

e

p

e

e e e
-

+

= <

= ²

+ + +

= + + - +

 (3.8) 

h ̆w ̆ ᾳЮ w/h ұ 1̆Ůrѝ   Ѯ

Ӯ Ӯ ̂ ч   Ѯ Ӯ Ӯ ̃̆ Ůeff ᶢ

̂ꜛ ̃Ѯ   Ѯ Ӯ Ӯ Ȃ 

ұ 8.4 m × 6.5 cm   ̂ ñZò   ̃̆ w = 6.5 cm̆ h = 0.035 mm̆

ұ(3.8) ᾗԆ ̂ 1̃ Ԉ Ӯ [1,10] ᾃ  

̂ ѐ Ӯ ѝ 3̆ ᴇ Ӯ ѝ 1̃̆  3.11Ȃ Ԉ

⁮ ⁮   б ñZò   27 ɋ Ȃ
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Э     Ȃ 

 

 3.11 Ӯ [1,10] ᾃ    

3.3.4 ᴐ ᴇ 

ᴇ ‍ ῆ ̆Ԉ ᴂ Ȃ

̆₥ ᴂ̆ ᴇ ‍҂ Ԉ Ȃאӏ ԍ

ᴐ ᴇꜛ ̂Ar ȁ̃ ‾ R134Â C2H2F4̃ Ф ̂iso-butanẽȂ

ᴇ ў̆ ᴐ ᾃ ӊ - ̆

ӊ Ἵᶕ Ȃ ‾ ᴐѝУ ᴇ̆ ⁸ Ἵᶕ

У ѝ ᶕ ̂ӱ Э Ἵᶕ ҂ У ̆

ұ а ̆ᴳ ὲ а ᶕ

̆ э ᴳ Ἵᶕ бὲӹ ᴇ MicroMegas ⁞שּ

[62] Ȃ̃ Ὧ ̆ ‾ ᾃ ֒Юӊ ע ̂HF̃

ᴇ̆ ᴇ ұ ‍ [63]̂ ұᴳ ֶ ѐ ‍̆

ᴳ ᴐ ᴇѐ ѐ ̃̆ ᾃ Ȃ ⁞ ‾ У

ᴇ̆ ‾ ᴳ ֶ ̆ ӱ῏ ע ᶑ

̆ ῏ ‾ ᴇѐ ‍Ȃ Ф ᴐѝ ѐ ᴇ̆ў

Ἵ Ю Ἵ Ȃ ̆ У ᴇ̆

⁮ ѐ̆ б ̆ ἵ ᾳЮ ῏

ὲ ‍ Ȃ 

 3.12[50] ‍ ‡ֶ ᴂ שּ ̂ 1 ̔54-36-10̃ ̆

̆ ᴂ‡ֶᴳ ̂ 7 ̔32-62-8̃̆ ֶᴳ ᴐ Ḷ ̆
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̂ Mylar ̃ ╗Ȃ Уэ ִἼ

Ф ̆ Ф Ԉ ᴂ Ю ԈЭ ת̆ ὲ

ᴇ̆ ұ ὤ ᾳЮ ᴂὲ ̆ 5

6 ̂42-44-14 40-46-14̃ ᾳ Ȃ ұ R134Aᴐѝ ‾ ᴇ̆ ̆

ӱ ᴂ ῏ ע ҂ ᴂὲ ̆ 4 ̂46-44-10̃

ᾳ҂ Ȃ⅓Ю 2 3 ̂52-40-8 50-42-8̃̆  ұִἼ ̆

ᴐ ᴇ ‍ѝ Ar: R134A: iso-butane  = 50: 42: 8Ȃ 

 

ӏא 3.12  ԍа ᴇ ‍Ю  

ӏא ԍ ᴇ ‍Ю Ȃת ұ ҽ

ᴁұ Ю̆ а ӏא ԍ ̆ ᴇ ᴇ ὤ ̆

ᶑЪ У Ȃ Ф ᴇ ‍ ⁮ 4%

[64]̆ Ԉ ᶑ ᴇᴳ ὤ ̂б ҽ נ Ŏpera ѐ

Ф ‍҂ 4% Ȃ̃ 

̆  3.13 ̆ Ф ѝ 4% ᴇ ‍Ю̆

бאӏ ԍ з̆נ שּ ‍ У ̆ ‫ ᴳ Ф

⁮ 4%҂ Ԉᶑ ᴐ Ȃ ̆ᴳ ᴇ ‍

Ar: R134A: iso-butane = 53: 43: 4Ȃ 

ת ὡ У עִ ᴇ ‍ ‍̆╗ὡҩ SF6 ᴇȂ ᴇ

н‾ ὲ Ӯ ̆ ᴐ Ὧȁ ȁ

ᴇ Ȃ ҽ ᴳ ᴇ ‍[46] Ar: 
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R134A: iso-butane̔ SF6 = 63.5: 30: 4: 0.5Ȃḣ ̆ѝҩᶑ ֒ ₥ У

̆ ᴳ ᴇ ‍ Ȃת ᴳ ᴇ ‍‡

У Ȃ 

 

 3.13 Ф ѝ%4 ᴐ ᴇЮ  

3.3.4.1  

3.3.4.2  

ѝҩ῏ ᾃ ̂spacer̃ שּ ὤ ̆ ӏא

ԍ Ю̆ ч Уэ ̂super 

modulẽȂ  3.14 ̆ э ᾃ чэ ҵ ̆╗Эчэ

Ὥ У   ̆ ѝ 30 mm̂ ╗Э 32 mm̃ Ȃ 

 

ӏא 3.14  ԍ ֒ᾃ  

ת ұ ҽ ᴂ ̂ ɛ ѝ 0.045 Hz/m
2̃ ̆ ⁮

̂ ѝ 500 Hz/m
2̃ ṝ Ḷ ̂ṝ  = 

2f1f2Ts= 2×500 Hz/m
2
×500 Hz/m

2
×150×10

-9
 s =0.075 Hz/m

2̃̆
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ҽ Ȃѝҩ ɛ ⁞ ̆ Уэ ̆Ḯ ̆

‾ ԈЮὨ Ԉה ɛ ̔ 

 ( )
/

1

n
n ii i

m n n

i m

Ce e e
-

=

= Ö Ö -ä  (3.9) 

Cn
i
=n!/(i!(n-i)!) ү ‍ ̆nѝ ᾃ ̆mѝ ̆Ůѝ

̆Ům/n n m ̆ ѝ n m Ȃб Ḯ

Ю ԈЮὨ ṝ ̔ 

 ( )( )
3 / 4 ,

1
1

n
i n ii

A c c n s s

i ms

R i C f A T f A T

T

-

=

= -ä  (3.10) 

ὲѐ Tsѝ ⁞ ⁮ ᶕ ̆ ὲὴ ḣ 150 ns̆ fѝ ̆

ὲ ᴐ 1000 Hz/m
2̆A ѝ ̆ נ ұ 4.41 m

2Ȃ ҽ ɛ

0.88 Hz/m
2̆ 0.046 Hz/m

2Ȃɛ ɛ Үᴿ Үᴿ

̆ 1nsᾃ ̂ 200 ɛs

̃Ȃ 

 3.1 а Ю  

 2/2 2/3 2/4 3/4 4/4 4/6 5/6 6/6 

 (%) 90.25 99.27 99.95 98.60 81.45 99.78 96.72 73.51 

̂Hz /m
2̃ 1.20 3.60 7.20 0.004 

8.60× 

10
-7

 

1.30× 

10
-5

 

3.90× 

10
-9

 

4.70× 

10
-13

 

ɛ (%) 42.31 19.65 10.90 99.51 99.999 99.999 99.999 99.999 

ɛ (%) 3.69 1.26 0.63 91.42 99.998 99.972 99.999 99.999 

 0.052 15.55 31.08 0.02 3.73× 

10
-8

 

5.59× 

10
-7

 

1.68× 

10
-10

 

2.02× 

10
-14

 

 0.078 0.233 0.466 0.028 5.60× 

10
-8

 

8.39× 

10
-7

 

2.52× 

10
-10

 

3.02× 

10
-14
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 3.1‟ ҩа Ю ̆ Ԉ ⁮ ꜛ ᴳ

̆ ṝ ӊ ҂ ᴂ̆ ᾕᴍ ҂ ת̆

҂ Ѯ Ȃ ᾳЮ̆  3.15 ̆ѝҩ

ᶑ έ У ᾕᴍ 4 ѝ Ȃ 3/4 Ю ṝ

ɛ ұ Уэ Ȃ 

 

 3.15  

3.3.4.3    

ұ ӊ ⁸̆ ӊ 2.4 m 1.2 m Ȃ

⁮ ѝҩ̆שּ ᴂ ̆ ῏ э ̆ Ԉ э

чэ Ȃ ֶ ὡ чэ Ѯ Ȃѝשּ Уэ  

3.16 ̆ ⁸ᴐ У У ̆ б Ѯ ᴁ ̆

m × 0.024 m̃̆Ӈ 2.1̂שּ ̆ ᶑ э ч Ԉ Ȃ

1.0 m × 2.1 m̆ 1.1 m × 2.1 mȂѝҩ ɛ

ү  ̆ӱЮ Э ̆ 1 4 ѝ X  ̆ 2 3 ѝ Y  Ȃḣ

̆ ч ұ ̂FR4̃   ̆  

4эñZò   Ȃ 

 

 3.16 ᾃ  
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3.3.4.4  

₥ ╗Э ̆  3.17 ̆ э ‍

ѝЭЮ ч ‍̆ѐ ч Ἵ Уэ ᾿ ȂԈ ᾿ Ю ‍ѝᴿ̆

У ̆ ⁮ ᾰ ᴐ Ȃ Э 1 ч  

ч ̆ Э ᴐѝ 1 2 Ὥ   ᶕ Ȃ

Э 2   Ȃӱ ̆ а ҩȂת ӱ

̆ѝҩ ᶑ ̂ ӱאӏ ⁮ч︢ Ὠ

ȁ̃ ̆ ╗УҾᾕᴍ Ȃ эᶕ

б ὲӹ ᴁ ̆ ҩ Mylar ̂У ̆

̃ ұ‍ ᶑ ̆Ԉ   ̂ ̃ ᾿

̂clean ground̃ Ȃ б Ѯ ὡ

̆Ԉὁ ѐ   ᴁ Ȃ׀ ᵳ ̆ӱ

  ̆ Ӱ ̆ ֶ Ȃ 

 

 3.17 ᾃ  

ӏא 3.4 ԍ ҽ  

ұ а ̆а ӏא ԍ ⁮ ҽ ᴳ

̆ … ȁִע ̆ ҽ Ȃ  3.2‟ ҩ
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чэ ȁᴇ ȁ   ȁ ᴇȁ  

а Ѯ Ȃ 

ӏא 3.2  ԍ ҽ  

ӏא  ԍ ҽ  

 ů 95% ů 95% 

 Ů 1000 Hz/m
2
 Ů 1000 Hz/m

2
 

 Ů 1 ɛA/m
2
 Ů 10 ɛA/m

2
 

ᴇ  0.2×10
12 
ɋĀcm ~ 2.0×10

12
 ɋĀcm 0.5×10

12 
ɋĀcm ~ 2.5Ĭ10

12
 ɋĀcm 

   30 ~ 60 mm 2.1 m  × 0.26 m  

    ñZò  ̂ ѝ 8.4 m × 6.5 cm  ̃

ᴇ ȁ ‾ Ф  ȁ ‾ ȁ Ф Ὡ ע  

 2 mm 2 mm 

 2  4  

   ч    3/4  

3.5  

ἼӮ ᴐ ̆ Ӯ ҩאӏ ԍ ҽ

̆ᾋ ҽ ̆ ұ ӏא ԍ

╖ ̆ ҽ ѐ ᴇ ⁸ 0.5 ï 2.5 × 10
12

 ɋ¥cmȁ

⁸ 400 - 1000 kɋ/Ǵ̆   2.1 m × 0.26 m ľZĿ ȁ

ᴇ ‍ Ar: R134A: iso-butane: SF6 = 63.5: 30: 4: 0.5 3/4 ̆

ҩчэ а Ȃ 
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̆ ұ ѐ У έ ת̆ б

ӊ Ȃ ⁮ ў ‍ ɛ

Ȃ ‾ ɛ ᴐѝὡ ̆ ӊ

Ȃ Ӯ ҽ ꜛ ῆ

ᴐȁ ̆Ԉ Ȃ 

4.1 ῆ ᴐ 

Уэ ₥ ῆ ᴐꜛ ⁸ᴐ чэ ‍Ȃ

ұӱ ̆ ̆ У Ἴѝ ⁸ᴐ

Ȃὲ Ȃ 

4.1.1 ⁸ᴐ 

ȁ ȁ ̆ὲѐ

̂ Ἴ ᴳ ̆ѝҩ ұ ѝ ̃ч ‍ Ȃ

ѝҩᶑ ̆ Э э Ȃ έ

╟ ̆ У Ȃ 

 

 4.1  
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 4.2  

⁸ᴐ ̔ 

Уȁ ⁸ᴐ  

1. 33mm ̆ Э ֗ У ᾃ ע ̕ 

2. ὡ ֗ ѐ̆ ⸗ ̕ 

3. ᾃ ע Э̂ ̃̕  

4. У 2cm ὡ ᾃ̕ 

5. 150W Ю ̆ ὲ ᾃ ̆ע Ȃ У

ᶑ ὲ ᴁ ̆ ὲᾃ ᾋ ῠ ̕ 

үȁ ⁸ᴐ  

ע .1 ̆ ̕ 

2. ч ̆ а ⁮׀ ̕ 

3. ⁮ ᾃ̆ Ю б ᴍ

᾿̕ 

4. ὡ ᾃ ᴃ ̆ ᴍ ̆ ₥У

̕ 

5. ̆ Ԉ ᴃ ѝ ̆а ̆ з а  ῾

₁ ̕ 

6. ̆ DP190   ⸗̆  

⸗ ЭȂ 
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7. ὤ ̆ꜛ ὲ з̆ б ᶑ

У ̆ Э з ⸗̆ ᴍ ᾿̕ 

4.1.2  

̆ὲ ѝ traininğ ὲ Ѭ ₥̆ ֒

Ю ὲ ╗ ѝȂ ұ ⁸ᴐ ̂ а ̃ᾃ

ȁ ₁ ̆ а ̆У ȁ ̆  

ᶕ ̆ ₥ ⁞ ̆ У ᴂȂ ѝ

ᴳ שּ ̆ ̆ ᴳ ᴁ שּ ̆ ᴂȂ

ᴳ ᴐѝ ₥ Уэ а Ȃ 

4.1.2.1  

έᴇ Ю̔ 

1. ̔ Ἴ У 8 ̆ ѝ╗ ̆ ҵ

Ȃ 8 Э ѕ ȂУ Ḯ̆ ᾃ ᴇ ѝ 4.5 

L̆‡ 8 ᴇ Ὥ 36 LȂ 100 sscm̆ ѫ 12э

Ѯ ̆ ⁮ 72 L̆ Ԉᶑ ҩчэᴇ Ȃת

Э̆ ұ ֗╘ ֶ̆ ╗⁮ 200 sscm̆ Ԉ῏ Ȃ

Ԉ ̆ Ȃ 

2. ╗ ̔ Ἱ‍ ╗ 10 kV Ȃ ᴳ CAEN

SY127 ὲ ֒̆ў ᴳ +4 kV -6 kV ֒̆ ᴐ

У 1 mAȂ ұ RS232ּ ѕ ̆эӝ Ḇ╠ ᴐ

̆ Ԉ ⁸ ȂУэḣ ᾳ ̆ ұ

ᴇ ╗ὡ̆ᴳ ̆ 1 mĂ ҩ ֒ ἵ

̆ᴳ а а ̂trip Ȃ̃ 

4.1.2.2 ֒ 

Ԉ ᵳ ӝ ת̆ а Ȃў

ꜛ ԈЮΰ ̔ 

1. ұ ѐ̆ ֶ  ᴐ Ȃ
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╟ V0ḣ ᴂ 500 V ̆ᾋ ̆ ᴳ ᴂ

ұ 1 mĂаᾋ Ȃ ḣ ӝ ч У ת̆

Э ‡̆ ⁮ Эḣ ᾱȂ ֶ ̆

Ȃ 

2. ѝ Ю ̆ᴐѝ ᵑ Ȃ

ḣ ч У ̆ꜛ ȁ ȁ

Ȃ ұ ӊ ̆ ᴐ ̆֗╘ ὲ Ȃ

Ὧ ḣ ╟ᶑ ̆ ӝӱ ֗╘ѐ   Ȃ 

ұ ᴐ Уэа Ԇ ֒̆ Э

ṁү Ȃ ⁮ LabVIEŴ ԍ ̃ Уэ ֒ ֒̆ ұ

  ֒Ȃ 

Э ΰ ̆ ֒ ╖ ꜛ ̔ 

╖ 1̔ У ̂ У‍ ̃ ╟ ̆

Ȃ ̆‡ V0 Э῏ 50V̂ ̃ ̆ ╗ Ȃ

╗ ᵑ ̆‡ᾋ῏ 50 VȂ аᾋ ̆ ḣ

1 mÂ ḣ 996 ɛÃȂУэ ⁞ ᾳ ̆ ֶ ╗

̆Ἴ ῏ Ȃ 

╖ 2̔ ұЭ ╖ ᴐ ̆ ῏ ̆а ╗Ȃ

Ю ̂ ḣ 750 ɛÃ̆ ḣ ѝἼ₥

ᴂ⁮ э ḣ̂ ╗⁮-4 kV Ȃ̃ת Э̆ ḣ╗ ̆

ֶ Ȃ ѫУэ╖ ̔ Ю ̆

╟ Ȃת ╖ ѝ Ȃ Ԉ У ⁮ ̔

Ἴ ḣᶑ ⁮Уэ ֒̆ У ̂ 2 ̃ ̆

V0 ḣ ѝ ḣȂ ᴐ ̆ У ̆‾ ╖ 1 Ȃ

̆‡ᾋ ╖ 1Ȃ ᴳ а ₥ Ю ұ ḣȂ 

Ԉ ̆ ╟ᶑ Ю ̆έᴇ Ю Ȃ
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 4.3 ֒  

‾ LabVIEW ᴿ Advanced Serial Write and Read.vĭ Ἴ б SY127 ѕ

Ȃὲ Э ֒Ȃ ֒ ұ ᴉ

‍→ ᶕ Ȃ 

ḣ ̆ ұ LabVIEW ṁѕ ֒ ̆ У

NI-VISA ╟̆ э ╟ Ԉ NI Ὠ ὁ Ю Ȃа Ὧ ѕ ֶ

  ̆ Ԇ -1073807202Ȃ Ἴ₥ б

SY127 ̆ ╘ б SY127 ̆ ‡҂ֶ   Ԇ

-1073807202 Ȃ 

4.1.2.3  

̆ ѐ Ἴ ╗ ῏ ̆ Ю

Ȃ ѝ Э ѐ̆ ұ ᾃ ₁ȁ ̆

  ̆ Ԉ ⁮ Ю ⁮ Ȃ

ӊ ᴳ ̆ᴇ Ю [65]̆ ᴳ Э

Ȃ ̆ ᾃ ₁ȁ ῏ ̆ᾃ ұ

Ȃ ᴳ   ᴂ̆ ҂ ѮЮ [26]Ȃӱ  4.4 ̆

ҩ 32э ̆ ⁮ ̆Ѯ Ю ̆ᾋ 14э ̂ ҩ 56

э ̃ ұ Ȃ э ̆ ѝ 48 э Ȃת

⁸ᴐ ̆ ұᾃ ₁ 4̆8 а ҩ̆

Ю ᾋ 12 Ȃ 
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ע 4.4  □ 

4.2  

4.2.1  

У ᴂ ȁ ұ а Ȃ  4.5

̆ ꜛ ᴇ ȁ ȁ ȁ   ȁ

6э ‍Ȃ 

 

 4.5  

4.2.1.1 ᴇ  

₥ ⁮ ᴐ ᴇ ‍ ̂Ar ȁ̃ ‾ ̂C2H2F4 R134Ã

Ф ̂i-C4H8̃̆ ᴇ ‍ѝ 106 sscm:86 sscm:8 sscmȂ MKSὨ

⁸ ̂Mass Flow Controller̆ MFC̃̆  4.6 Ȃ 



ҷ  ȁ  

53 

ұ ⁸ ע ̆ ᴳ ₥ ὲ ₂ Ȃ ᴳ έ

Ȃέᴇ ᴐ Ю̔ У ‍ ᴇ  б Ю ̆

  ‍ ᴇ ̂У 3 ⁮ ḣ̃̆ ₥ ̆ᴳѮб

ȂУэ ұ Ф ᴂ̆ Э ̆ Ԉ

‾ ᴇ ̆ ч ᴇ ᾋ ᴇ ̆ Ԉ̔ 

Ф ᴇ  = ᴇ  - ‾ ᴇ Ȃ 

ṁ ῏ Ȃ₂ Ԉ ᴿ ὡ Ȃ

ᴇ 200 sscm̆ ᾃ ᴇ ѝ 4.5 L̆ ‡ 5 ᴇ

Ὥ 27 LȂ 5э ̆ ⁮ 60 L̆ 5 ҩ 2эᴇ ᴇȂ

ת ѐ̆ ѕ Ȃ

• 5э ̆ ч Ѯ Ԉ Ȃ 

4.2.1.2  

CAENὨ SY127 Ԉ ֒̂ +4 kV -6 kV ֒̃̆

Ἵ ᷁ ᵏ Ȃ

Ȃ У ⁞שּ эӝ ҩ ѕ SY127 ̆  4.7 ̆эӝ

ISA ̂(Industry Standard Architecturĕ н ῆᴇ ̃б CAMAC

֒ C139 ̆C139ᾋ Lemo б SY127 Ȃὲѐ₥ ⁮ ╠ᴐ ̆

ѐ ў ᴐ ȂὯұ ᾃ ֶ ‍ Ȃ 

 

 4.6 MKS ⁸   4.7 ֒ C139ȁCCU99 ISA  
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4.2.1.3  

 4.8 ̆ 3 ЭЮ 1m×1m ᴇ Ἵ ᷁

̂photomultiplier̆ PMT̃ ̆ὲѐУ ᴇ Э ̆ ч

ȂἽ ᷁ ᴐ ѝ 2050 VȂ3 ᴇ ᶕ ⁮

Уэᶕ ̆ ѝɛ 3 ᴇȂ‾ Ь Ԉ ᴂ ̆ ᴂ

ṝ ΰ ̆ ɛ ҂У Ȃ ҂

ᾃ  Уэᶕ ̆ ѝ ҂ ⁮ ɛ Ȃ 

4.2.1.4    

Z   Ю ̆   ᴁұ Э Ȃ   У б  

Ѯ 27 ɋ ̆ У 50 ɋ Lemoᶕ ᶕ  Ȃ  4.9

̆ ‾ ⁮   ᶕ Ȃ 

 

 4.8   4.9 ᶕ  

4.2.1.5  

3 Ἵ ᷁ ᶕ ⁞ ̂disriminator̃ ⁮ NIM ̆ᾋ 3

⁮Уэ NIM ̆ ‍ 2 ̆ὲѐУ ὡ ̂scaler̃ ̆

⁮Ь C3Ȃ₥ ⁮У  ̆ 4  ‍⁞ ⁞ ὡ

ἷ ‍ ч  ̆ὲѐУ ὡ ̆ ⁮

CȂ У ֶбἽ ᷁ NIM ̆ ὡ ̆ ⁮

C4Ȃḣ ̆ Ἵ ᷁ ⁞ ‍⁞ ѝ-50 mV 15 mV̆
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⁞   ‍⁞ ѝ 160 ns 20 nsȂ 

 

 4.10  

4.2.1.6  

ұ CAMAC ὲ̆ѐ CAMAC ⁸

ў CCU99 ֒̆ ISA бэӝ Ȃ ᾃ ISA

Ȃ ֒ ұ ROOT ̆ LinuxȂ ֒ў ꜛ

Ь ‍̔ ⁸ ȁ Ȃ₥ ⁮ ⁸

ў CAMAC ֒ C139̆ б SY127 Ȃ‾ C139 ⁸ ̆

ԇ SY127̆ Ὧ V0 I0 ḣ ̆ з VMon

IMon̂ ̃ ₥ḣȂ Ἴ ȁ ȁ ̆

Ԉ ╟ Ȃ У ̂100 s̃

LeCroy 2551 э ̆ Ҿ ꜛ Ἵ ᷁ 3 ȁἽ ᷁

б 4 Ȃ ў

ȁ ╗ ̆ з ̂ ȁ ̃

╗⁮ ̆Ԉᵳḣ ҩ ᾳ Ȃ 

4.2.2 ῆ  

ᴐѝ ‍̆ ѐ ɛ

̆ Ȃ ЭУ ⁮ ҽ

̆╗Э ᾕᴍ ̆ ῆ ѝш ̆ ᴐ Ю
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ů95%̆ Ů0.8Hz/cm
2̆ Ů10 ɛA/m

2Ȃ 

17 Hz̆ 20 Hzṁ נ ‡̆ ṁ 6kV - 9kV ̆

100V̆ э ṃ ѝ 100s̆‡ 5 Ю Үᴿ ѝ N = 300000Ȃ

ұ ὡ ὡ Ԉ ṁ Уэ ‍ ̆‡  

= [Ů(1-Ů)/N]
1/2

=0.22%Ȃ ⁮ ̖1%Ȃ 

4.2.3  

4.2.3.1  

̔ 

̂AB BB ̃ ̔2.3 m
2
 

̂AS BS ̃ ̔2.1 m
2
 

У ̔12 02 

éé 

Ὡ ̔16 06 

̔ 

̔6 kV 

̔9 kV 

̔100 V 

ὲ ̔ 3 ᴇ Ἵ ᷁ ᴐѝ  

 

 4.11 ֒  
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4.2.3.2  

ұ 1600 ̆ ⁮ ̆ Ԉѝҩᶑ ̆

‚Ȃ₥ ̆ ұ ⁞ ̆ Ԉᶑ

6 ̆У 2 Ȃת ұ ⁞ ᾳ ѝш ̆ӱ

6 ⁮ 2 ̆ ᾋ ₥ ‚̆□ ֶ Ȃ

ѝҩᶑ ̆ У 3 Ȃ  4.1 У 3

Ȃ 

 4.1  

ᴐ  ᴐ֗╘ 

09:00ï09:30 Ю ̆ Э ̆ ῆ  

09:30ï10:00 ὡ ;  

10:00ï10:30 ὡ ̆ ╗  

10:30ï11:00 ̆╗ ᶕ ̆  

11:00ï16:00  

16:00ï06:30 Ю ̆ Э ̆ ῆ  

16:30ï07:00 ὡ ;  

17:00ï07:30 ̆╗ ᶕ ̆  

17:30ï22:30  

22:30ï03:00 Э ̆ ῆ  

23:00ï23:30 ̆╗ ᶕ ̆  

23:30ï09:00  

ұ ⁸̆ 16 ̆ 48э 16

̆ У 56 Ȃ ᾳ ̆

2 ̆У 6 ̆У 40 Ȃ

Ѯ   ҩ аּר Ȃת ұ ₥ У ̆╗Э ⁸ᴐ

̆ ҩ ̆ Э   ̆◌

Ȃ 
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4.3 ‍  

4.3.1 ᴐ  

ӱ  4.12 Ԉ ⁮ 6̆500 V ⁮ 7500 V Ѯ ╗̆ ҩ 7500 V

Ѯ ̆ ╗ ̆ Ԉ ѝ 7500 V Ѯ ̆ ὡ Ȃשּ

ᴐ ̆ Ἴ ת̆ ӱ  4.12 ѐ

Ԉ ⁮ ╗̆ ̆ ⁞ 9000 V ̆ Э

Ȃ נ ᾳӉ Ԉ  4.12 ⁮Ȃ ᶑ У ₥ Ю̆ ᴐ

ᴂ̆ Ȃὲ ѝҩᶑ а ╟

⅍ ̆ע ᴐ ᴂ У ̆ ᴐ

ᴍ Ȃ ᴐ 8000 V ѝ Ȃ 

 

 4.12 ȁ ע  

4.3.2  

 4.13 ̆ ḣ 92.7%̆ ў ұ ⁸ᴐ

Ḷᴂ̆ а Ȃ  4.2 Ь ̆ ұ 93% ᴿѝ

87%̆ ұ 95% ᴿѝ 70%Ȃ  4.14 ̆

ḣ 0.159 Hz/cm
2̆ ᴂұ 0.8 Hz/cm

2Ȃ  4.3 Ь ̆ ұ

0.8Hz/cm
2 ᴿѝ 97%Ȃ  4.15 ̆ ḣ 2.717 

ɛA/m
2Ȃ  4.4 Ь ̆ ұ 10 ɛA/m

2 ᴿѝ 95%̆

ұ 5 ɛA/m
2 ᴿѝ 87%Ȃ 

ӱ  4.13 Ԉ ⁮̆ 114 ̆ ḣ 86.8%Ȃ  4.2

ҷ ̆ ұ 95% ᴿ 70%Ȃӱ  4.14 Ԉ ⁮̆

ḣ 86.8%Ȃ  4.3 ҷ ұ 0.8Hz/cm
2 ᴿ ⁮
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89%Ȃӱ  4.15 Ԉ ⁮̆ ḣ 4.724 ɛA/m
2Ȃ  4.4

ҷ ұ 10 ɛA/m
2 ᴿ ѝ 83%Ȃ 

 

 4.13  

 

 4.2 а Ю ᴿ 

 > 93% > 94% > 95% > 96% 

 1607 1514 1298 779 

‍  87% 82% 70% 42% 

 69 49 20 4 

‍  60% 42% 17% 3% 

 

 4.14  

 4.3 а Ю ᴿ 
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 < 0.5Hz/cm
2
 < 0.8Hz/cm

2
 

 1764 1807 

‍  95% 97% 

 97 102 

‍  85% 89% 

 

 4.15  

 

 4.4 а Ю ᴿ 

 < 5 ɛA/m
2
 < 10 ɛA/m

2
 

 1605 1770 

‍  87% 95% 

 58 95 

‍  50% 83% 

4.3.3  

4.3.3.1 C139  

Ḁ C139 ⁸ SY127̆ ֒ ‫ Ȃע Ἴ C139

Ȃ а ̆ C139 ╗ Ȃа ╗ ̆

У ̂ ̃ ұ C139 ̆ Э
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б CAMAC а Ȃ ᾱ╕ C139 Ȃ

̆‡ C139 ╗ ת̆ б SY127 Ȃ Ԉ C139 ᵛ

̆ӷ ὲᾃ ⁹ Ȃ   ᾳ ̆C139 Lemo б

Ѯ   ̂ ұ ╒ Ȃ̃ Ԉ ὲ

Ȃ 

4.3.3.2 ⁞  

э ѐ ш ⁞ Ȃ ᴳ ⁞ Phillips 

ScientificὨ ӊ̆ 710ȂѮ Ԉֶ  ш ̆ Юΰ ̔

 ᶕ ̕ ̕ Ȃ ᾳЮ ⁞ Ԉ

Ἵᶕ ת̆ аἹ‍ з ╗ ̆ ѫ

ӊ ᶕ   ⁞ Ȃ У ᾳ ѐ̆ ұ У

ᴇ ᴂ̂ R134A ̃̆ ⁸ Ἵᶕ ̆ ҩ

ᶕ Ȃ ѝἼ ᴇ ̆ ̆

̆Ὧ ἼὯ ̆ᾋὯ ̂ ⁮ э

VMon ⁮ 50VԈЮ ᴐ ̃̆ Ὧ ᴇ Ȃ 

4.3.3.3  

 4.16 ̆ч ̂ ₥ ч ѕ ⁮ЭУ

̆ зЭУ ̆ Ἴ ᴐ ᴇ а Ȃ̃

̂ ֒ 11082421.txt̃̆ ̂6 kV~9 kṼ

  ᴂ̆ У ̆ ̆ ᶑ

Ȃὲ ֶ Э ̆҂ Ԉ ᴳ Ȃ ұч

̆ ȁ Ԉ Ȃ ⁮ ̆ṁ Ὧ

У 5э ᾋ ̆ ЭȂ

Ȃ ұ ̆ ҂ ⁮ ⁞ ╕ ᾱ̆ ̆

⁮ὲ ᾋ Ȃ ұ ᾰͅ Э ⁸ᴐ Ȃ 
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 4.16  

4.4 *
 

4.4.1 б  

1.  ῆ ᴐ 

1.1 ̔ 8э ̂ AS̆AB̆BS̆ BB чэ Ȃ̃ ̔

ů95%̆ ̆ 2100 mm×1100 mm̕2100 mm×1000 mm̆

Ὠ Ů2 mmȂ 

1.2 ̔ э ╗ ⁮ 12 cm̂ Э 70 mmᴁ ̃ ̆ᶑ 5‍ ̆ ╒

Ю ̂<1 mm̆ а   ̃ע

1.3 ̔ ╟̆ Ȃ 

1.4 ̔ ̆ ш ̆ЭЮ Э Ȃ 

1.5 ᶕ ̔ 4 ̆ ⅔ ̆ ̆

̆ ̆ ̕Ω ̆ 2.5~3 mm̆ Э ̆

̆У Уר ̆ ᴳ ₥ ᶑ Ȃ 

1.6 ̔ 16 ̆ ⅔ ȁ ⁸ ̆

‍ ̆ ̆ У ╒ Ў Уר ̆

ᴳ ₥ ᶑ Ȃ 

                                                 

* ‍ ᴐў Ὧ Ҵȁ  
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1.7 ̔ ȁ  4 ̆ ⅔ ̆ Э

⁮ ̆ᾋЭ Ȃ 

1.8   ̔ 4 ᶕ   ̆   ₂⁸ ̆  

ш̆ ᶑ э   ᾃ Ь ₂ ᾃ ᴍ ̆ ⁞ Э

Ȃ ᴁ Э Э ̆ ₥ ᾿ ̆ ᴳ

̆ Ἴᶑ б ̆ а ұ 3 mmȂ 

1.9 ̔ 3   ̆ ᴁ Э ̆ ЭȂ

̆ а ̆Ԉὁ Ȃ 

1.10 ̔ э ȁ ̆ 12.5 ± 1 mm̆

ұ ‍ ᶑ 2.5 ± 1 mmȂ 

2. ῆ ̂  У ѝ A ̆ ᵑ ѝ BȁCȁD ̃ 

2.1 Э̆ (а )

Ȃ 

2.2 ̆ Э Ȃ 

2.3 ᴃ A э ̆Ԉ ׀ Ȃ 

2.4 ᾃ Ԉ Э ȁ ̆ ӷ э Ȃ 

2.5 ̔8 ӱ C ѐ  ̆ ̆ ╗

ᶑ ̆ C B ᾃᵛ̆ ⁮ A ̆ӱ Уᾃ ὡ̆ӱ У ⁮

̆ ὡ ᾃ Ȃ8 ‍ч ӱ A ч

 ̆‍⁞ӱ Уᾃ Уᾃ ̆ӱ У ⁮ ̆

Уᾃ Уᾃ ̆ Ȃ 

2.6 ᶕ ̆ үȁЬ ᶕ ӱ B  Ȃ ̆ A ᾃᵛ У

̆ӱѐ   ̕ Уȁ ᶕ ӱ A  Ȃ ӱ A ᾃᵛѐ

ᵛ ὡ ̆ᾋӱѐ ⁮ ̕ У ӱ A ᾃᵛѐ

ᵛ ὡ ̆ᾋӱѐ ⁮ Ȃ 

2.7 Ȃ ᵛ ӱ A үᾃ ὡ̆б ᵛ э ̕

ᵛ ӱ A үᾃ ὡ̆б ᵛ э Ȃ 
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2.8 B D ̂   ̆   ѝ A ̆ ᵑ

ѝ B̆C̆D ̃ᾃᵛ Э ̆ Э Ȃὲѐ A 4э̆

20 mm̕B 4э̆ 10 mm̕C 4э̆ 20 mm̕D 4э̆

1 mmȂ э ᴁ ̆ ὁ ᶕ Ѯ Ȃ 

3.   

3.1 ᾃ У   ᶕ ̆ᶕ   A ̆   ὤ

Ȃשּ   б Ѯ Ȃ 

3.2 ᶕ Ԉ רּ Ȃ 

3.3 Э У Ȃ ᵛѝ AS ̆ ᵛѝ BB ̂ Ь б Ȃ̃

C D Э ̆ A B б Ѯ

Ȃ 

3.4 ̆ ₥ ȁ б

Ὧ Ȃӷ ̆ ╒ а ̆

Ȃ ╗ ‎ ὡ ̆ш Ȃ 

3.5   ̆ᴁ бᶕ ̆ ч  ל 1 cm. AȁB

ч Уȁү ᶕ רּ Ȃ   ̆

Э╗ ᶑ Ȃ 

3.6  ᶕ ѝ 14.5 ± 0.5 ɋ̆ ч ᶕ Ѯ ѝ 28.5 

± 1 ɋȂ 

3.7 Э ү Ȃ ᵛѝ AB ̆ ᵛѝ BS ̂ б  ̃

3.3̆ 3.4 Э Ȃ 

3.8 Э ү   ᶕ Ȃ   б Ȃ 

3.9 ү ᶕ רּ ̆ 3.6 ᾰͅ U

ᾰͅ 1.2 Ȃ 

3.10 Э Ἵ Ȃ Ἵ ᴃ C D ᾃᵛ ̆ A B

Э Ȃ 

3.11 ̆   Ȃ 

3.12 3.10 ү Ἵ Ȃ 
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3.13 Уȁү Ь   Ȃ 

3.14 ȁ ȁ ̕ 

3.15 U ᾰͅ 1.2 Ȃ 

3.16 ╗ 4 KV Ȃ Э ѐ

Э̆ע ѐ ֶ ̆ Ἱ ̆ ұ

ᾰͅ 4000 V ̆ ḣ Ȃ ֗ᴉ ̆

Ȃ 

3.17 Э Ἵ   ₢ 1 cm,ᶑ а Э; Э

̆ Э рȂ 

4.   

4.1 ₥ ᶑ ̆ ̆ ̆ а ╟Ȃ 

4.2 ᶕ ̆ ̆ ̆ ᴍ ὁ ╒Ȃ 

4.3 ᴁ б Ȃ ὁб ȁ Ἵ

Ȃ   ᶕ а ╒ Ȃ 

4.4 ӑἵ б̆ ̆ Ȃ 

4.5 Ἵ ̆ ̆аἵ Ȃ   Ъ Ȃ 

4.6 ᾃ ȁ ꜛ Ԉὁ→׀ Ȃ 

4.7   ȁ ȁ Ἵ ̆а ╟Ȃ 

4.8 ȁ Ἵ б ш ̆ᶑ а ╟Ȃ 

4.9 Ԉ ЭЮ ̆ Э

╗ ꜛ ὁ Ȃ 

4.10 ̆ ᾃа ╟̆ а ұ

Ȃ 

רּ 4.11 ᶑ Ȃ 

4.12 ᶕ ̆ ̆  ‍Ȃשּ

4.13 ᶑ У ḣ Ȃ 

4.4.2  

̆ ᴇ ⁮ ᴐ У Ȃ 
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 4.17 ̆ᴁұ Э ᴁұ чэ У ҩ

̆ נ ̆ а ᴇ Ἵ ᷁

ҩȂ з ִ□ ұ ұ б ᴇ ̆

ὤ э ‍ Ȃ э   Уэ ̂Front End 

Card̆ FEC̃ Ȃ Ю̔ ⁞ ᶕ ѝ ᶕ

̆   ᶕ Ȃ ᶕ ὡ USB-ROM ̆ᾋ

ᶑ ּ Үᴿ Ȃ USB-ROMּ⁮эӝ Ȃ 

4.4.3  

ұ ᾃ ̆ 1 4 X ̂X б ̃̆ 2

3 Y ̂Y б ̃̆ 8   ̆ э

‚‍ѝ 8×8 = 64 ̂patch̃Ȃ ‍ѝ 2/4 3/4 Ȃ

Ю ѝ У 64э 2/4 3/4 Ȃ Ԉ ⁮ ‍ 99%Ԉ

ЭȂ  4.18 ̆ѐ 16э 3/4 ὲӹ ᴂ 5%Ȃ 16э

שּ Ȃת 16э 2/4 а [27]Ȃ 

 

 4.17   4.18 У  

 4.19  4.20 200 2/4 3/4 Ȃ Ԉ ⁮ 2/4

99.80%̆ 3/4 97.84%Ȃ  4.21  4.22 200

2/4 3/4 Ȃ ⁮  4.22 94% э ̆ ꜛ שּ

Ȃḣ ̆ ̆ ᴁұ

̆ ɛ 200 HzȂ 
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 4.19 2/4 ‍   4.20 3/4 ‍  

 

 4.21  2/4 ‍   4.22  3/4 ‍  

4.4.4 ╟  

ӱאӏ ⁮ч︢ Ὠ ҽ ̆

⁮а ᵳ ȁ ̆ Ȃת

ֶ ╟ȁ ╟ȁ╗ ȁ῏   ̆ ԏ ֶ Ȃѝ

Ѯ₥̆ ṁУҾ ╟ ̆ ᶑ Ȃ 

8э ὡ ̆ ȁ п ̆ ᶑ   ╟

аֶ ⁮ Ȃѝҩ ѐ  ╗ ̆ Уэ ҩУ

э╗ ּ ̆ э ╗ Ȃ ̆ ӏא

ᾳ ҩч Ὠ ̆ᾋ Ȃ [27] Ю̔ 

1. ̆ ὲ   ̕ 

2. ᾃ     ̆ ᴁ   ̕ 

3. ̆   ̕ 
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4. ̆ ₥ У ̕ 

5. ╗ ּ ᾰͅ ѐ  ╗ а |±2| ğ

₥ ̆аֶᴳ ѐ  Ȃ 

4.5 ֒ Ӯ  

ѐ̆ э ш ̆ᶑ ὲ

̆ѝ ӊ ҩ Ȃѝҩ ⁸ ᵳ

̆ Ҿ ὡ⁮ ̆ᵳұ Ȃ 

╘ ᴳ ֒ꜛ MySQLȁPHPȁApacheЬ ‍̆

У Ȃ ᾗ AJAX ̆

Ԉ Уэέ Ӈҵ ̆ ᵳ ᴳ ȂMySQL Уэ ὁ

Ὧ ̆ ₥ InternetЭ ѐ ѐ[66]ȂPHP

╟ ̆PHPᴐѝὁ ᴳ ̆ὲᴐ ὡ⁮HTML

ѐ ̆ з ΰѱ Ԉ ᴐ [67]ȂApache ὁ Web

╘ ֒Ȃ ў ұ Ԇ ȁ ̂ Ԉ ΰѱ

UnixȁWindowsȁLinux Э̃Ԉ [68]Ȃᴳ ԈЭ ֒̆

Ԉὁ У Ȃ 

MySQL Apache Ԉ‍⁞ ҵ ὁ Ю Ȃת Ю Ԉ

http://www.newhua.com/soft/75600.htmЮ Apache+PHP+MySQL ╘ ֒ȂЮ

̆ Ԉ ᴐ Ȃ ұ‫ MySQL root

ѝ  ̆ұ ὤ ȂУ ╕ ԇ ̆ У Ȃ

ת MySQL Administrator MySQL Query BrowserȂ чэ ֒

̆ MySQL Administrator ̆   User Administration Ȃ 

4.6  

Ԉ‍ ̂ Ὧ ȁ̃ ̂ Ὧ ̃

̂ Ὧ ̃Ь ‍Ȃ 

http://baike.baidu.com/view/348756.htm
http://baike.baidu.com/view/17674.htm
http://baike.baidu.com/view/1088.htm
http://baike.baidu.com/view/460250.htm
http://baike.baidu.com/view/460250.htm
http://baike.baidu.com/view/60376.htm
http://baike.baidu.com/view/469855.htm
http://baike.baidu.com/view/4821.htm
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4.6.1  

‍ᶑ ҩᴇ Ȃ ұ ч а

̂ Ἴֶ ᴇ Ѯ̆ ̆

ѐ ֶ ̃̆ ү Уэ ᾃ̆ Ἴ ὡᴇ ̆

̆ Ю ὡᴇ ̆SQL insert ԇ ᴐѮ₥̆

ֶἼ ᴇ ̆ ‡ֶ ᴐ Ȃ ұ ᴇ

ֶ ̆ ֶ  Уэ эᴇ Уэ

Ȃ ү ‍ѝчэ ̆ з ᴐѝў

‍שּ Ȃ 

ᴇ ľbakelite_resĿ э ̆ ꜛ ̂bake_id̆

ᴐѝў ȁ̃ ̂test_datĕᴐѝў ȁ̃ ̂test_tem̃ȁ ̂test_hum̃ȁ

̂hṽ Ҁэ ̂cur_1, cur_2, cur_3, cur_4, cur_5, cur_6, cur_7, cur_8, 

cur_9̃̆ Ԉ ȁᴇ ȁ20 Ņ ῆᴇ ḣȁ ḣȁ ḣ

̂dark_cur_max, dark_cur_min, dark_cur_avg, bake_res_max, bake_res_min, bake_res_avg, 

res_20_max, res_20_min, res_20_avg̃Ȃ 

ľgra_res_aĿ э Ȃ э ꜛ ̂bake_id̆

ᴐѝў ̃ чэ ̂gra_res_a, gra_res_b Ȃ̃ 

4.6.2  

‍ꜛ ȁ ȁ э ‍Ȃ 

ѝľrpc_matĿ ̆ ў ꜛ ̂rpc_id̆ ᴐѝ

ў ̃ ч ̂bake_id_a bake_id_b̃Ȃ ‾  

ч ᴇ ᶕ Ȃ 

чэ ľrpc_runĿ ľrpc_perĿ Ȃ ⁮

֒ꜛ ΰ Ȃ  ôrpc_runô ꜛ ֒

̂data_filĕ ᴐѝў ȁ̃ ḣȁ ḣȁ ḣ ᴂḣ̂tem_begin, 

tem_end, tem_max, tem_min, hum_begin, hum_end, hum_max, hum_min, pres_begin, 

pres_end̃ȁ ᴇ ‍̂gas̃ȁ ̂date, time_begin, time_end̃ȁ ᴂ

̂time_max, time_miñ ᴧ ᴐ ̂oper_volt̃Ȃ ôrpc_perôᶑ ҩ
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֒ ᾃ ̆ ̂rpc_id̆ ᴐѝў ̃ ֒ ̂data_filĕ ᴐ

ѝў ȁ̃ ̂assemblẽȁ ̂loop_num̃ȁ6kV⁮ 9kV 3

̂3coin_6000 - 3coin_9000̃ ̆4 ̂4coin_6000 - 4coin_9000̃ ȁ ̂eff_6000 - 

eff_9000̃ ȁ ̂scr_6000 - scr_9000̃ ȁ ̂cur_6000̃ȁ ᴧ ᴐ

ȁ ̂oper_volt, oper_eff, oper_scr, oper_cur̃ȁ ̂validitỹ

̂bad_bakẽȂ 

чэ ľrpc_assĿ ľrpc_styleĿȂ ̂rpc_id̃ чэ

ў Ȃ ôrpc_assô ҩў Уэ Ȃ

ôrpc_styleô ҩў Уэ ̂A B Ȃ̃ 

4.6.3  

‍ꜛ чэ ‍Ȃ

ľmod_assĿ Ȃ ̂mod_id̆ ᴐѝў ȁ̃ ̂datẽȁ ̂tem̃ ̆

̂hum̃ Ԉ ᾃ ὧэ ̂rpc_id_1, rpc_id_2, rpc_id_3, rpc_id_4, rpc_id_5, 

rpc_id_6, rpc_id_7, rpc_id_8 Ȃ̃ Ьэ ̆ ԏ‍⁞ ľmodule_perĿȁ

ľmodule_patch_2of4trigger_effĿ ľmodule_patch_3of4trigger_effĿ Ьэ Ȃ Уэ

ꜛ ̂mod_id̆ ᴐѝў ȁ̃ ȁ ȁ ╒ ḣ ḣ

̂ high_temperature, low_temperature, high_humidity, low_humidity, high_pressure, 

low_pressurẽȁ (test_HV)ȁ ᴐ ḣ̂threshold̃ȁ ̂flowratẽ ȁ

̂begin_time, end_timẽ ȁ ѝ ΰ ̂test_times̃ȁ2/4 3/4

̂2of4_trigger_rate, 3of4_trigger_rate, 2of4_eff, 3of4_eff̃ Ȃ чэ ‡ᶑ ҩ ‚

‍ѝ 64э ⁮ 2/4 3/4 Ȃ 

4.7 ╖  

 4.23 ̆ ‍ѝ ȁ ὡȁ ‮ Ȃ

ȁ Ьэ ‍̆ ў  Ὧұ ȁ

ᶕ ̕ ὡ ‡ ұ ȁ б ע ȁ

ὡȁ ‮ ת̆ Ԉ ֙ ᴐȂ 
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 4.23  

4.7.1 ╖  

ᵏҩ 3 ̆ꜛ ȁ ȁ ӊ

ȁ ᴁ Ȃ   Ȃ  

4.24 ̆ ̆ ӱ 2010 10 01 2010 12 01

Ȃ 

 

 4.24 RPC  

4.7.2 ╖  

̆аӨ ҩ э ȁ Ὧᶕ ̆ ӱ

ҩ ᴇ ᾰͅᴿ ҩ Ȃ ж

ҩ ╖ Ȃ  4.25 ̆‾ ₥ ȁ

‍ [26]Ȃ 
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 4.25 ȁ ‍  

4.7.3 ╖  

ҩ   ̆ AJAX ̆ ᴳ

Э эּש Ȃέᴇ

ᴐ Ḁ̆ ֶ ╘ ̆ ̆

а⁹ ᾳЮ ὡ Ȃ ᵳ ᴳ Ȃ  4.26 ̆

̆ Э ̆ נ

ROOT ֒ ╖ Ȃ 

 

 4.26 ұ AJAX  

4.7.4 ὡ╖  

ὡ ȁ ֒ȁ ע ֒ȁ ᶕ

̆ Ӯ ꜛ ̆ а ֒ ҩУҾ ὡ

Ȃ ̆ ᵏ₥ ὡ ̆Ԉᵏᴳ ╟ ὡ̕ ұ

̆‡ У ֒̆Ԉᵳ ὡ⁮
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Ȃ 

4.8  

Ӯ ҩ ҽ Ȃ ἼӮ ҩ

ῆ ᴐ̆ Ԉ ᴐҩУҾ Ӯ ̆ ‍

Ȃ ӊ ḣѝ 92.7%̆

ḣ‍⁞ѝ 0.159 Hz/cm
2

2.717 ɛA/m
2Ȃ Ӯ ҩУЮ ̆

2/4 3/4 ḣ‍⁞ 99.8% 97.4%Ȃѝҩ ὤ ṁ ╟

̆ ╗ а |±2| g ᾳЮ̆ ὤ Ȃ ұ ҽ

ȁ ֒̆

MySQL+PHP+Apachĕ Ԉ ᴂ ̆ з ҩ ᵳ

ᴐ ̆ ᴐѐ ᴐ Ȃ 
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 ҷ  ȁ  

̂ ̆  5.1ѐ ṃ ᴁ

̃ ̆ Ԉ ὲ ᴐ ̆ὲѐУ

2011 3 ֙ 4 ֙̆ү 2011 8 ֙ 9 ֙̆Ь

2011 12 ֙Ȃ ў Ӯ Ԉ э ╠ ꜛ

ȁ ᴇ ȁ ⁸ ̂Detector Control System̆ DCS̃ ȁ

ȁ Ȃ 

 

 5.1  

5.1  

5.1.1 ₥ῆ  

ч︢ Ὠ ӱאӏ ⁮ ҽ ̆ а ₂
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Ȃ ₥ṁҩ ᶑ ̆ ѐӰа ὁֶ 

⅍ ȁ   ὡ ᾃ ̆

ȁᾃ ȁ ȁ ȁּר

̆ ȁ ̆ ‡ ᾋ

ᶢ У֒ Ү Ȃ ᴐ Ю̔ 

1. Ȃ U ╗ 50 mm ╒̆ 30‍ ᾃ

Ю а ұ 5 mmȂ 

2. Ȃ Ю̆ Уэ ╗ 8000 V ̆з а

  Ȃ   ѝ 0̆‡ ̆Ԉᵳ ᶢ Ȃ 

3. ̆ ̆ ‫ ̆ ᶑ

ᴐȂ 

ԈЭ ̆ ֶ ᶢȂ 

 5.2 ѝ 26 - 27 Ņ ̆ ⁮ҩ 1024

ᴇ ̂ Ὠ (3.2) 20Ņ ῆᴇ ̃ ‍ ᾳȂ Ԉ

⁮ ᴇ‍ 100 - 400 ɛA Ѯ ̆ᴇ ѐ 0.6 - 5¦10
12 
ɋĀcmѮ Ȃ

3.3.1 ⁮ᴇ 0.6 - 2.5¦10
12 
ɋĀcm̆ У ᴇ Ḷ

Ȃ 

 

 5.2 ᴇ  

5.1.2  

ꜛ ȁ ȁ ȁ Ԉ

Ȃ  5.3 Ȃ Ԉ ⁮̆ э ╟⁮



ҷ  ȁ  

77 

̆ ⁮ ᴁ Ȃ

⁮ ת̆ ᾃ   ⁮ ᾿ Ȃ 

 

 5.3  

╟ э ₥ ΰэ  [69]̔ 

1. ╟₥ Ὧ ̕ 

2. ṃ Э ̆ ╟₥ ̂  5.4 

ѐ ̃̆ ‡ ╟ ѐ ֶ ⁮ ̕ 

3. ╟₥ ᴇ ̂  5.5ѐ ̃̕  

4. ̂  5.6̃ ̂  5.7̃̆ ╟ ѐ

‎ ̆ ὁ ̕ 

6. ╟ ‎ Ἷ ̂  5.8̃ ᾰͅ ὁ ̕ 

7. ╟₥ Ȃ ұ ӝᴇ

ᴇ SF6̆ Ԉ ᴳ ṃ ̆ ̂  5.8ѝ

̃̕  

8.  5.9 ̆ ̆ ṃ ᴁ

ῆ ̕ 
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 5.4   5.5   5.6  

 

 5.7   5.8   5.9 ṃ ᴁ  

5.1.3  

֒ Ѭ  5.10 ̆

У ѐ Ȃ ѝ ̆ ѝ‟

ȂУ ү ‟ 6  × 9‟̆Ь ‟ 9  × 9‟Ȃ Ьэ

чэ Ȃ  5.11 ̆ чэ ᴁұ Э̆ ‟ ѐ

ᴁ ̂ᴁұ 5‟̃̆ ‟ 2 m Ȃ 

 5.11 Ў Ѯ 3 Ȃ ѫ Ԉ

έ 10 cm שּ ῏ שּ Ԉᴳ э Ԉ
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Ȃ ᴁұ Ȃү У ת̆נ Ь У

̆έᴇ Ь ӱᵛ ̆ ᴁұ ̆

ѫ (180 ï 3) = 177 Ȃ 

 

 5.10 ‟  

 

 5.11 У ᵛ  

э 2.17 m × 2.20 m × 0.08 m̆ ᾃ  3.17 ‍ Ȃ

‍ѝ 4 ̆  3.17 Э ‍ ̆ ꜛ Уэ ̂1.00 m × 2.10 m̃ Уэ

̂1.10 m × 2.10 m̃̆ Ѯ ч ̆ Ԉ῏ ч

Ѯ m × 2.10 m̃Ȃ 0.024̂שּ ҽ Ὥ ҩ ѝ 2.1 m × 2.1 m × 4 × 195 = 

3440 m
2 Ȃ 

₥  3.17 Ю ‍ ̆ ᶕ 2.1 m × 0.26 m  

̆   ч чэ 27 ɋ רּ ὲѐת̆ У

⁮ Эᴐѝᶕ  Ȃ ұ⁸ᴐ   ⁸̆ ч

  ̂FR4̃ ̆ ꜛ 4   Ȃ Уэ ꜛ ҩ 32
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  ̂4 /  × 2 /  × 4 Ȃ̃  3.17 ̆ ֒ Ѭѝ 1 ̆ Э

ѝ 4 Ȃὲѐ 1 4 X ̂   б X ̃̆ 2

3 Y ̂   б Y Ȃ̃ 

5.2 ╠  

ᴐѝ ᴇ ̆  5.12 ̆ὲ ╠ ꜛ ȁ

ᴇ ȁ ⁸ Ȃ ⁸ ұ ᴇ

̆ ὲ ᴇ Ӯ ѐȂ 

 

 5.12 ╠  

5.2.1  

ұ ‍⁞ ╗ ± 3700 V ᴐ̆ У

ч ֒̆ У ֒   ̆ Ἴ ⁮У

  ̆ 1 ‍ѝ 9 Ȃ 9 ‍⁞ ⁮ 9э У Э̆

̂RPCĨ У‍ѝү̆ѝ чэ ᵏ Ȃ э

᾿ Э̆ ᴁұ   ȂȂ

ѐ   ̆ў ꜛ ΰэ ̔ 

1. ̆έᴇ ѝ ╗ ȁ╗ У ȁ

ע ₁ ΰэ Ȃ ΰэ Э ̆ў

֒ а ὯȂέᴇ ΰэ ̆У   ᾃ ‍ ת̆

̆G ֶ   ̆ з   ̂
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̃ Э̆ Ԉᶑ ̕ү  5.13 ̆ ᾃ

⁸ᴐ ̆ ̕Ь ұѮ₥

⁮ Ԉ Ю ὡ Ԉ Ȃ ₥ч

̆ᴿ ̆ ⁸ᴐ ╕ ̆ ұ У ᾰͅ

̆  5.15 ̆ Уэ У ̆ᴳ

⁮ Э ⁮ ᾃ ̆ ̂₥ ⁮ ḥ ̃⁮

Ю Ȃ 

 

 5.13   5.14  

 

 5.15 Э  

2. ̆Ԉ ╟ УҾ Ȃ

̆ ḣ ̆ Ю ̆ 90%̆ ᴳ

⅍ Ȃ ᴳ ὤ╖ ̆ ұ ᴇ ̆ з

̆ а ̆G Ԉ ⁸ ᴐ ̂< 60%̃Ȃ

ӱ ᴂ ᾃ ὡ ̆  5.16 ̆ ᾃ а

̂   10%̃ ̆ ⁸ 60%ԈЮ̆ ᶑҩ
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ᴐȂ  5.17 a) ‍ ̆ Ԉ ⁮ ӱ

⁮ b̆) ‍ ₥ 10 ̂ ╗ ̃

̆ Ԉ ⁮ ѝ У Ȃ 

 

 5.16 ὡ ᾃ   5.17 ₥  

5.2.2 ᴇ  

 5.18 ̆ э ᴇ ꜛ ȁ ᴇ ȁ ᴇ‍

ԍ э э ‍Ȃ₥ ⁮ ᴐ ᴇ ‍ ᴳ ת̆

аУ Ȃ ᴇ Уэᴇ Ȃ ᴐ ᴇӱ ⁮ ᴇ

̆‍ѝч ̆У ᴇ‍ ὡ ̆

̆ӱж ⁮ ̆ У Ԉ ὡ⁮ ԍ

ᴐѝ ᴇ ‍ Ȃ 

 

 5.18 ᴇ  

╖ ᴁ ᾃ ̂ ԇ ᴇ έ
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̆ ѝҩᴳ ̃ ӊ ̆

Ȃ  5.19 ̆‾ Ԉ‍   ᾳȂḣ ̆

  ̆ᴳ б ⁸ў USB ѐ ̆

ў ᾱ Ȃ נ ᾳ ᴐȂ 

 

 5.19 ү э  

э ѐ ⁸ ᴇ ȁ э ᴇ

ȁ ╒̆ У   ̆ѝ ᶑ ὤ̆ ᴇ ╟Ὧ Ȃ ⁮ Ὧ

ӝ ╟ ̆ ᴇ ֶ Э Ȃ ᴇ ὤ ̆ 30

‍ ᾃ а⁮ ᴇ ὤᶕ ̆ ֶ ╟ Ȃ 

5.2.3  

̆ ╖ ꜛ чэ

ў ̔Уэ   32 ᶕ ӊ 3/4 ᶕ ̆

ᶕ ӊ   ᶕ ̕ Уэ   ᶕ ᶕ

  ̆ Үᴿ Эּ Ȃ  5.20 ̆

‚‍ѝ   чэ Ȃ э   ̂ROM ȁ̃

̂RTM̃чэ VME ֒̆Ԉ   ̂ROT̃ ₥

ȂVME ֒ VME б VME ⁸ Ӈ Ȃ э У

э ̆ 32э  ᶕ Ȃ э   15э

̆ э   Ԉ 6э   ȂУ

Ԉ 90 э ̆ ҽ э Уэ  

[70,71]Ȃ 
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 5.20  

5.2.3.1 ₥  

ӱ  5.21 Ԉ ⁮ 4 э╖ ‍̆⁞ ᶕ ⁞(discriminators)ȁ ⁞ ̂threshold 

setting̃ȁFPGA LVDS ̆ ԏ ҩ₥ ȂὲѐLVDS

    Ȃ₥ 4э ў ╖ Ὧ

Ю̔ 

1) ᶕ ⁞ ̂signal discriminator̃  

ᶕ ⁞ ў ᴐ э ӊ 32 ᶕ Ἴ

ḣ ̆ ᶕ ұ ḣ̆‡ ѝ ᶕ ὡFPGAȂḣ

̆ Ԉѝ э 32 ᶕ УэὭ ḣ̆҂ Ԉ ѝ У ᶕ

ḣȂ 

2) ⁞ ̂threshold setting̃  

⁞ ў ╖ FPGA ̆ ⁞

ѝ ᶕ Ȃ ᶕ ᴐѝ ⁞ ⁞ Ȃḣ ̆ ұѮ₥

̆Ѯ₥ -40 mV DAC 1432̆ ѝï35 

mVȂ Ḁ   FEC config error ̂έᴇ ѝ У

а Ю ԇ̆ת Ḁ ⁮̆
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ұ Ἵ buffer  ̆ ԇЮ   ⁞̃̆ Ԉ

э ⁞ ḣ ѝ ḣ̆ ᴳ а ╖Ӱ ⁮ Ȃ 

3) ‟̂FPGÃ  

FPGAў ╖ ̆ ҩ   ԇ̆ ⁞

╖ ̆FPGAў чэ ╖ ̔ 

3.1) б Ὧ ╖ Ȃ ӱ ⁞ ὡ 32 ᶕ ӊ ᶕ ̆

ᶕ Эּ ̆ ӱ Ю  ᶕ Ȃ эб Ὧ

Ѯѝ ̂trigger latencỹ̆ὲ Ὧ ⁮ ּ ̆

ᾱ Ȃ ֶж Ȃ 

3.2) б   Ὧ ╖ ȂFPGA ᾰӱ ⁞ ὡ ᶕ ̆ ⁮  ᶕ

Ḁ̆ӱ ᾰ   ╗ ᾃ ᶕ ̆

ὡҮᴿ ᾰ ȂҮᴿ ᾰ ѐ FPGAѐ ѕ  

  Ȃ 

4) LVDS  

LVDS б  ּ   Ѯ ҵ Ȃѕ ȁѕ

ȁ ԇȁ ᶕ ȁ   ᶕ ȁ ᶕ ּ Ȃ 

 

 5.21  
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5.2.3.2    

  ᴐѝ   ȁ Ѯ ᶕ ̆ Эּ

ᶕ     ̆   Ю ԇ҂

  э Ȃ ұ ⁮   ̆

ұ ̆ᴳ   ╟̆ ҂

₥ ⁮ Ю ԇ ⁮Эּ Ȃ   Э ̆ᴳ

╒῏ ὁ ╟Ȃḣ ̆   бчэ VME Ѯ Ἵ

ּ ̆ ұἽ ̆ ὁҩ נ Ȃ 

5.2.3.3    

₥ ⁮   ⁮ Ѯ ּ ᴳ ╒ Ἵ Ȃת ұ

  ᴳ ╒ ̆ѝҩ ὁ х ̆

Ѯ ּ 3-8ּ ⁸Ԉ ᶕ ╒Ȃ

3-8 ⁸ ᶕ э ᶕ ѝ 8э ̆

̆ ⁮ Э ̆ Ю 8э ᾃ ⁮

3э ᶕ ѝ ⁮ҩУэ ᶕ ̆ з ᶑ

ᶕ ּ ѐ ╟а ұ 1э Ȃ Эּ

ᶕ ֶ̆ ᶕ ӊ   ᶕ ̆ ᶕ Ӱ 3-8ּ ⁸ Ἵ

⁮ Ȃ ֶӊ Эּ ̆Ԉ

ᵳұ ‍ Үᴿ ̂ ‫ ̆

₥ ⁮Эּ ᶕ ѝ ᶕ ̆Ю   ᶕ

ѝ ᶕ Ȃ̃ 

  ᶕ ̆ FPGAѐ ᾃ

Үᴿ Ȃ  5.21 ̆ ̂signal window̃ FPGAѐ

̂pipeline buffer̃  Уэ ̂ УэἼ Ἴ  ̃̆ ӱ

  ע  ᶕ ᾃ ̆ Ԉ

ӱ Ю  ᶕ ѐȂ ̆ ᾃ ̆

⁮ᶑ Ȃת ⁮ԈЮ ⁸ ̔

ꜛ ԈЮΰ ̔ 
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1)   ᶕ ע FPGAѐ ҩ3-4э ̂75-100ns̃  ̕

2) ᶕ   ᶕ ּ ҩ3-8 ⁸ֶ̆ ὡУ ╟Ȃ 

⁮ ᶑ УҾ ᴍ ̆ 8э Ȃ

̆ ₥ ҽ ѐ ᾳЮ ѝ 400 nŝ 16 clock cycles×25 

ns/clock cycles̃Ȃѝҩ ᶑ  ᾕᴍ̆ᴳ   ᶕ ⁮

ᴁұ ѐ ᴁ ̆ ⁮ ȂὯұ

5.3.1Ȃ 

Ԉ ⁮ ѝ ̂ ұ - -   Ь

̃̆Ѯ Ԉ ѝ ╖ ѝ Ἴ 2/4

У╖ ת̆ ұ ᴐ Уэᴂ ̆2/4 ꜛ

̆ ᴳ 2/4 ת̂ ֒ѐꜛ У ╖ ̆ ᶢ

֒̆ У╖ ֶ ̃̆ з ұὡ ɛ   ΰ ̆

⁮  ѐ ̆ѝҩ῏ ᾕᴍ ּ ̆ ҩ

2/4 ╖ Ȃ 

Ἱ ̆ • ̆ ұ аέ ╖ ̆ѝҩ

̆ 2/4 ╕ Ȃ ѝ ұ

̆ ұӊ 2/4 ̆ ὲ ҂ Ȃת

╖ ╖̆ Ԉ‾ ╖ ̆

аᾋᴳ ╕ Ȃ ₥ 10 Hz̆ ḣ Ԉ ᶢ

֒ Ȃ 

5.3  

5.3.1  

ӱ Эּ ᶕ ̆⁮  ᶕ ̆

Ѯѝ Ȃῆ ̆  ᶕ

ᴁұ ѐ ᴁ Ȃ ұ аῆ ̆  ᶕ

ᴁұ аУת̂ ѐ ᴁ ̃̆ Эּ   э

̆ аֶх ̆ х ᾕᴍ ῏ ҩ Ȃ
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 ᶕ ‍ᴁұ ὤ а ̆ ֶх ̆ Ԉ ⁮

3/4 ᴂȂ ꜛ У ̆ з э

ұ Ȃ  5.22 У Ȃ Ԉ ⁮

[45,60] ̆   х ֶЮ ̆ э (60 ï 

45 + 1) = 16 clock cycles̆ ұ Ȃ ḣ ұ 54 ̆

ᴁұ э ѐ Ȃ 

 

 5.22 У  

5.3.2 ḣ  

2012 9 Ьэ ṁҩ ḣ ̂ ṃ ̃̆ ḣ

ᴂ̆ת ḣ |-80| mVѮ ֶ ὡУэ Ўשּ ᶑ Ȃ

ḣ ᴂȂ ע ̆ ҂ ҩ ұ

ᶢ ֒ ӊ שּ ̂ ѐ  ᴁұ שּ

ѝ ╖ᶢ ḣ ̆ ѫ ҂ ֶ שּ Ȃ̃  5.24

ҩ ḣ ᴂз   שּ ̆҂ ҩԈЭ Ȃ

שּ ̂ Ԇ ᴳ SVN Ԇ ̆ з

PQMУ ̃̆ ѝ   ѕ ᶕ ̆ Ҿѕ ᶕ

ҩ|-120| mV ḣ̆ зᴳ Ȃ ұ שּ ѝ 50%̆ ѝ ᶕ

3 4 ᴿ 50%Ȃ ɛ а ᾳЮ̆ ̆
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̆ Ѯ ᴂ̆ ᴂȂ ұ э Ԉ‾ ᶢ ̆

έᴇ ԈЮὨ ̔ 

 
4 0

4 0

( )

t h r m V

th r m V

T r th r
e f f e f f

T r
= -

= -

= ³  (5.1) 

ὲѐ eff ḣ thrЮ ĕffthr=-40mVѝ ḣ ұ-40 mV T̆r(thr)

ḣ ThrЮ T̆rthr=-40mVѝ ḣ ұ-40 mV Ȃ‾

╕ נ ⁮ ḣЮ ̆ᶢ  5.25Ȃ Ԉ ⁮

ḣ Ю ת̆ ᶢ ΰэа У̔ ḣ ұ-40 mV ᴐѝ

ῆ Уע ̆ ᴳ ḣ ұ|-40| mV ұ 1Ȃү

ḣ ᴐѝ ῆ Ўע ұ ḣ ᴂ ὡ ̆ὲ

Ԉ ῆ Ȃ ⁮ ⁸ѕ ̆ ᴐ ḣ -40 mV̆ ₥ת

⁮ ұ ̆ ᴐ ḣ ï35 mVȂѝҩᶑ У ̆ ᶑ

ᴳ -35 mV ḣȂ Ἱ ̆ ѐ̆G ᴐ ḣ -30 mVȂ 

 

 5.23 Ьэ ḣ ע  

 

 5.24 Ьэ ḣ ע  
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 5.25 Ьэ ұ ᶢ ḣ ע  

5.3.3  

2012 9 Ьэ ṁҩ ̂ ṃ ̃̆ ̆

ȂУ 7400 V Э ̆ү 8000 V Э ̆Ь

7400 V Э Ȃ ̆ Ьэ 7600 

V ᴐ Ȃ ұү ̆ Э ת̆ ᴐ ῆ

±4000 V, ұѮ₥   ̆ү 7600 V ᴐ Ȃ 

 

 5.26 Ьэ  

5.4  

ἼӮ ҩ э ‍̆ꜛ ȁ ȁ ᴇ

̆ з ҩὲ ѐ  Ԉ ᾱ╕ ̆ Ӯ ҩ

ȁ ḣ ‍ Ȃ ̆ ѝ 54

̆ ḣѝ|-35| mV̆ ѝ 7600 V ̆ ұ ᴧ Ȃ 
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 Ὡ  ₂  

₂ ̂offline calibratioñ ̂ ̃ ‍

̆ ұ ₂   Ȃὲ ѝҩ

ҩ ̆ᶑ ɛ ̆Ԉᵳ

Ȃ э NuWa LAF[72] Ю̆₥ Ԉ

̂*.datã ᴐѝ ὡ̆ Ԉ ֒̂*.root̃ᴐѝ ὡ̆

Ȃ 

6.1 NuWa ֒ 

NuWa ҽ ᴐ Ὥ Уэ ұGAUDI‍ ֒ [73,74]̆ ҩ

Geant4[75]̆ ̂data base interfacẽ ֒ ̆ ұ ‍ ȂGAUDI

ұ ֒ ὨὭ ȂGAUDIᴇ ѐ ў ‍Ԉ

ԏѮ Ὧ  1 ̔ ̂algorithm̃, ̂application 

manager̃ , ̂transient data store, TDS̃ , ╘ (service)Ȃ 

 

 6.1 ‍ ֒ GAUDI ᴇ  

Geant4 ֒ ̆έ ԈЮ ̔ΰᴉ̆ ̆ ȁ

ҮᴿԈ ȁ ȁ ̆ ᵏҩ ѝѓ ̆ ұ

ȁ ȁ╗ Ԉ תּ Ȃ 

ҽ ₂ ᶑ MySQL ̆ ұPython ᾗ Ԉᾗὡ
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ȂPythonᴐѝУ ̆έ ȁ╖ ȁ ȁὁ ȁ ȁ ȁ

ȁ ѓ ִ Ȃ ⁞ У ᾃԆ ⁸ ̆ᴳ python

ִ : 

̔Python C C++ ѝ ̆ C C++ ӝ

Э Ȃ ᾗ ROOT C++ ת̆֒ ΰэ

⁮̔G ‫ ὲע ת̆ ֶ ⁮ а ᾳ ѝ̆ ᴳ Vector

̆ ╗ҩᴳ ̆ Python а ‫ ע ̆ ᵳ̆

C++ѐ ֶ  ̂segment break̃ ת̆ аֶ

Ԇ ᴁ ̆ ╗ҩ ̂debug̃ ̆ python ⁮ ֶ

Ԇ ᴁ ̆ ̕ 

╖ p̔ythonᴐѝУ ̆ ὲӹ ⁸ᴐ ̂

ὲ C/C++̃ У Ȃ Ӈᴐн shell ԇ

̆ ₥ ȁ ֒ ̆ Pythonѐ os.popen(ópwdô)⁮

₥ Ȃ зPython ╖ з ̆ Ԉ ᴐн

֒̂*.sh̃ ȂҮ ЭC++҂ ṁ⁮̆תэӝ У ‟ Ȃḣ

P̆ython ᾗ Ԉ ROOT   ̆ Ԉ ᾗУэpython ̆ᾃ

ꜛ Ԇ ȁ Shell ԇ ROOT  ̆ а ‍⁞ᴳ а Ԇ

╖ Ȃ 

ὁ ȁ ȁ ȁ ̔Python / ֒ѮЎ Ԉ

э ֒ ȁ Ԇ ȁ ṁ ╟ȁ У ‍ ұ ֒ѐȂ

бC/C++ Ԇ а ̆PythonᴐѝУ ̆ Ԉ

Ԇ ̂ ROOTЭנ C/C++Ԇ Ȃ̃ з ұPython Ԇ

ѝ ѐ ̆ ᾋ ᴳ ̂ ᾳ נ

Java Ԇ ̃̆ Python҂έ Ȃ 

ѓ ̔Python ῆ ὲ ̆ ҩ ‡ ȁ ȁ ἷ ȁ

ȁ ȁ ȁCGIȁFTPȁ ֒ȁXML э Ȃḣ У ̆

ұPython sci ̆ Ԉ ⁸  ̆ ╖ ROOTנ ᴐ ╖ [76]Ȃ 
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6.2 ᶕ б    

Ӯ ₂ Ѯ₥̆ ҩ ̆ ȁ ⁮

Ȃ  6.2 ̆ э 32   ̂strip̃ ҩ 1 э ̆12

15 э ⁮ 1 э   ̂    

6.3̃̆ 4э   ̂ 6э   ̃ ⁮ э VME ֒̆ ֒

VME   Ȃ Ἴ ȁ‟ȁ   ᶕ

CF_ID FEC_ID̆ ֒ᾋ CF_ID FEC_ID   ȁ

‟ȁ   ᶕ Ȃ Ὧ ᶕ  6.4  6.5[77]Ȃ 

 

 6.2  

 

 6.3 ѡᴿ 

 

 6.4    
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 6.5  

6.3 ₂  

6.3.1 ₂ Ѭ 

⁮ б ḣ̆ ᴂ ҩ

Ȃ ұ ̆ ꜛ ȁ ȁ ȁ ‟̂arraỹ

Ȃ ꜛ   ȁ ȁ ̂ Уэ ṝ ȁ̃

‟ Ȃ Ѭ ѐꜛ ɛ ᴿȂ ̆

ұ ᴿ Ȃ 

6.3.2 ₂  

6.3.2.1  

ѝ ҽ ѐ ᴐѝ ɛ ̆ ῆ ὲ

Ὧ Ȃ Ὠ Ю̔ 

 

 
, 1 , 2

, 1 , 2

i j k l R R

i

j k l R R

N

N

e =  (6.1) 

ὲѐ ĭj̆k̆l ŗ {1̆2̆3̆4}̆ з ĭj̆k l ѐҵа ȂŮi i

̆Nijkl,R1,R2 ұ R1 R2 ֒Ю ⁮ 4 ̆Njkl,R1,R2 ұ R1 R2

֒Ю ⁮ j̆k l 3 ȂR1 R2 Ѭ ֶ Ӯ Ȃ  6.6 ҩ

Уэ j̆k l  ѐ 3 ҮᴿȂ 

ѝҩ Ԉ ɛ ̆ ὡчэ ֒Ȃ Уэ ֒̂Requirement 

1̆R1̃ ұ ᴂѕ ̆έᴇᾃ Ю̔ эҮᴿ У аἵ

ч   ̆ з ч   Ȃ ұɛ ὡ ֶ ѐч  
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Ѯ ̆ Ἵᶕ ч   Ȃ Ө Уɛ ὡ ̆

а У ч   ̆ ὲѐ У Ȃ Ѯ

ɛ ̆   ̂ꜛ ̃̆ ת ұ

ѕ ̆ᴳ   ̆ ᵑ שּ

‍ ч ᾳȂ ч ᾳУ Ȃ 

үэ ֒̂Requirement 2̆ R2̃ Уэ 600ns

ᾃ ꜛ ɛ ҂̆ 600 ns ᾃ чэ ᶕ ȂR2

ᴂҩ ұṝ ὲ Ө Ὧ ᴂה ̆

ᴁұ ɛ ̆ ұ Ю ɛ ᴂ Ю̆ У а

Ȃѡэᴿ ̆ ᴳ R2תᴳ R1 ᾳЮ̆ӱЬэ Уэ ֗

У Ԉ ⁮ ‍⁞ (96.42 ± 0.03)%̆ (95.9 ± 0.03)% (80.77 ± 0.25)%̆ ᴳ

R1 R2Ѯ (97.04 ± 0.03)%̆ (96.88 ± 0.03)% (97.06 ± 0.13)%̆ У

б ѮЭ [48]Ȃ  6.7 Ьэ э ╗ R2 

cut₥ ̆ע Ԉ ⁮У ү ҩ 1%⁮ 2%̆ Ь

ע ̆ ҩ 17%Ȃ ұЬ ɛ У ү ᴂҩ

Уэ ̆3/4ṝ ɛ Уэ ̆ὲᶕ ᴂ̆ Ḇ╠

ᶕ   ᾿ ɛ ₂ Ȃӱ э ѬЭ̆Ь

Ԉ  ɛ ᶕ ̆ Ḇ╠ ᶕ ⁮ Ȃ ҽ 2

‾ ɛ ̆ У ᾋ ᴂὲṝ ̂ ה

2 ɛ Ь ᴂУэ ̃̆ Ԉ ₥ ̆

6 ֒Ȃ 

 

 6.6 3 Үᴿ 
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 6.7 ᴳ R2 cut ₥  

ұ ₂ ѐа аᴳ ᶕ ̆ Уэ ɛ ὡ Ḷ ֶ

Ḷ Ȃ ⁮ ὲ ɛ   ‍ ̂ ⁮

0.5 m̃ Ḷ ̆ ұ R2 Ḷ ӱ ὡ Ȃ ҽ

ᴐ Ἵ ̆  6.8 ̆ ᾃ У ̂d0̃ ‫

Ἵᶕ ̂ ұ ḣ̃̆ Уэ ѝ ɛ ὡ ɗ

  Ů ᾗѝԈЮ ̔ 

 

0
n d

c o s
( ) 1 ( 0 | ) 1P X e

qe q q
-

= - = = -  (6.2) 

ὲѐ P(X=0|ɗ) d0ᾃаӊ ‫ ΰ n̆ ᴁ -

ȂḮ ɗ = 0 ̆Ὠ ᾗѝ̔ 

 

( )ln 1 - ( 0 )

c o s
( ) 1 e

e

qe q= -  (6.3) 

 

 6.8 ұɛ ὡ а Ḷ ה  

Ḯ Ů(0) = 95%̆ Ԉ ⁮ ɛ ὡ ɗ ᵑ Ὧ Ȃ ұ э ̆
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ѐ ɛ ὡ ‍ Ȃ Ԉ Ԉ‾ ΰᴉ ɛ ὡ ̆   ὯḶ

Ȃ  6.9  6.9 ̆ Ů(0) = 95% Ů(0) = 80% ̆Ьэ

‍ ̆ Ԉ ⁮‍ Ḷ Ȃ  6.1 ̆ Ů(0) 

= 95% ̆Ьэ Ḷ ̂ŮR2 ï ŮNo_R2̃ ḣ 0.05% Ȃ Ů(0) = 80% ̆Ьэ

Ḷ ḣ 0.2% Ȃ ⁮ ὡ R2 ᴂ ѕ ȁṝ

ס Ҿ ᴂה ᴐ ̂У ү ‍⁞ѝ 2%̆Ь ѝ 17%̃ ̆ὲ ὡ

Ḷ Ԉ а Ȃ 

 

 6.9 Ьэ Ů(0) = 95%̆R2 ὡ Ḷ Ḷ ה  

 

 6.10 Ьэ Ů(0) = 80% ̆R2 ὡ Ḷ Ḷ ה  

Layer Efficiency 95% (Max) 95% (Average) 80% (Max) 80% (Average) 

У  0.40% -0.05% 1.4% -0.2% 

ү  0.54% -0.05% 2.0% -0.2% 

Ь  0.55% -0.07% 2.0% -0.3% 

 6.1 ‍⁞ ұ 80% 95% э Ḷ  

 6.11ȁ  6.12  6.13 2012 12 24 Уȁү Ь

‍ ̆₂ ⁮Ьэ 2 Ȃ Ԉ ⁮У

ҩᴁұ 6 7‟ ү Ḷᴂ ̆ὲ Ԉ ת̆ ү
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ᴇ ᾳа ̆ ѮЮЬ ᴇ Ȃ  6.14

Ьэ 1 ‍ ̆  6.15 Ьэ ̆ὲѐУ

ḣѝ(90.57 ± 5.5)%̆ ү ḣѝ(87.02 ± 7.6)%̆ Ь

ḣѝ(93.77 ± 5.0)%Ȃ У Ь ḣ ұ 90%̆ ת RMS

ұ ұ 5.0%̆ У Ь ᴇУ а ҂̆ ᴂ

Ȃ 

2э Ԉ ⁮: 

1) Ьэ ᴂ Ь  > У  > ү Ȃ ̆

Ἴ У ̆ ұ ̆ ‍ ̆ У ‍ᴂ

̂ ұ ₥ ̆ ᾃ ҩ ̃

҂У ҩȂ Ҿ ᶢ ̂ᴳὲаᾋ ̃ ̆ ү Ȃ

ᴂ ў ѐ ү ȂЬ ҂ УҾУ ү Ю ᴂ

̆ ԏ Ȃ Ь ‍ ӱאӏ ̆

̆ Ь ҩ̆ Ҿ У Ȃ 

2) э У ̂ ̃ ̆ ᴂȂ

̆ Э ұУ Ȃ Э̆

⁮ ұ ᴁ а ᴳ ὲ ⁮ ╒аУ ̆

ᾃ а Ȃ ╒ ᾃ ̂ 2 mm̃ ̆ ̂ У ̃

̆ᾃ ᶑ ᴳ ὲ ̆ Ѯ

ұ ⁮ ╒ ̆ᴳ ұ 2 mm̆ ᴂȂ ֶṁ

У ὡ Ȃ 
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 6.11 У 2  

 

 6.12 ү 2  
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 6.13 Ь 2  

 

 6.14 Ьэ ‍  

 

 6.15 Ьэ  
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6.3.2.2  

⁮ 3 3 ԈЭ ӊ ̆ ̆ 3/4

Ԉ Ὠ (3.9) ̆ а ̆ Ὠ ѝ̔ 

 ( )

4 44

/ 3 / 4

11 1

1

n nn

m n i i j

ii j

j i

e e e e e

= ==

== =

¸

å õ

æ ö
= = + -

æ ö
æ ö
ç ÷

äÔ Ô   (6.4) 

ӱЬэ Уэ ֗ У Ԉ ⁮ ‍⁞ (95.36 ± 

0.15)%ȁ(97.56 ± 0.11)%ȁ(95.76 ± 0.14)% (97.02 ± 0.12)%̆ Ů3/4 (99.28 ± 0.03)%

Ů4/4 (86.43 ± 0.24)%Ȃӱ  6.16ȁ  6.17  6.18 Ԉ ⁮̆ү 3/4

ᴂ̆ ұ Ḷᴂ Ȃ  6.19 Ьэ 1 ‍ ̆

 6.21 Ьэ ̆ὲѐУ ḣѝ(95.13 ± 3.2)%̆

ү ḣѝ(90.11 ± 5.5)%̆ Ь ḣѝ(97.53 ± 3.1)%Ȃ

У Ь ḣ ұ 95%̆ ת У RMS ұ 5%̆ У

ᴇУ а Ȃү ⁮ 90%̆ У

Ȃ 4/4 Ὠ ̆ Ԉ Ὠ (6.4) ⁮̔ 

 

4

/ 4 / 4

1

n

m n i

i

e e e

=

=

= =Ô  (6.5) 

 6.20 Ьэ 4/4 ‍ ̆  6.22  ҩЬэ 4/4

Ȃ ԏ ҩЬэ 4/4 ‍ ѝ Ȃ 

 

 6.16 У 3/4 2   6.17 ү 3/4 2   6.18 Ь 3/4 2  
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 6.19 Ьэ 3/4 ‍  

 

 6.20 Ьэ 4/4 ‍  

 

 6.21 Ьэ 3/4   6.22 Ьэ 4/4  

6.3.2.3  

ұ Э ‟ ҵ ᴁȁ Ԉ̆ ȁ

‎ׂ ѐ Ь ᴁ̆  

‟ Ȃ Ԉ ΰᴉ ⁮ ᴐѝ ὡ


