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̂MRPC̃ ΐ ᵣ Ȃ ῒᴨ

Ḃ ᴇ̆ ԋ ̆ ׂ MRPC

Ҭ ⌠ԅ ⱳ Ȃ

̂FAIR̃ ̂CBM̃Ҭ̆ MRPC 120 m2

̂TOF̃Ȃ ̆CBM-TOF 30 kHz/cm2

̆ ⌠80 ps № ⱬ 95% Ȃ

ҹ CBM ᵬ └ΐ ⱬ № MRPC ̆

MRPC Ҭ ѿ Ȃ 

CBM ῤ ⱴ ֦ Ҍ MRPC̆ל ᵬ

ᵣ Ҍ Ῥ Ȃῒ ᵣ Ҋ ᶫ Ҍ ̆

└ ᾣ ⱬ̆֟ ᴪ ֟ Ȃ ᵣ

STAR Ҭ ⌠̆ CBM Ҭῒ ҹ Ȃ 

ⱬԍCBM MRPC └ҍ Ȃ ᵞ

ԅ MRPC ̆ Ҭ ԅ ΐ

97% 60 ps № ̆ ҹ ҩ ᵬ ҹ Ṝ

MRPCȂ FAIR0 ⅞ ̆ 76ҩ

֟ ῒ̆Ҭ48ҩ ԍSTAR қ ᵬҹeTOF ҹBES-II

ᶫ Ḥ Ȃ 2018STAR Ҭ 27 GeV Au + Au

┴ № ̆ MRPC № 60 ps̆

ԅ STAR ≢̆ (́+K)/p ≢ ⱬ 3.0 GeV/cȂ

MRPC Ҭ ⱳ ҹ CBM STAR҉

ᶫԅ ⱬḠ Ȃ 

ԅCBM MRPCᵣ Ȃ№≢

ṿ X ̆ ₮ ᵣ

ᵞ ῤ Ȃ ₮ ԍ CBM

MRPC‗ ̆ CBM ῤ ֦ Ҭת ᵣ

ΐ ӈȂ 

 

ῗ ̔MRPC̕ CBM̕ ̕ ≢̕ ᵣ  
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Abstract 

The Multi-gap Resistive Plate Chamber (MRPC) is a new type of gas detector with 

parallel-plate electrode. Through decades of development, nowadays it has a wide 

application in the field of high energy and nuclear physics experiments for its excellent 

timing performance, good efficiency and relatively low cost. In the Compressed Baryonic 

Matter (CBM) experiment constructed at the Facility for Anti-proton and Ion Research 

(FAIR) in Germany, MRPC is adopted to construct the 120 m2 Time-of-Flight (TOF) 

system to achieve an unprecedented precision of hadron identification. CBM will be 

operated at an ion beam intensity up to 109 /s, which requires its TOF system should keep 

80 ps time resolution and over 95% efficiency under a particle flux rate of 30 kHz/cm2 

according to the simulation results. Tsinghua University will develop MRPCs with high-

rate ability and high time resolution for CBM collaboration. This will be the first time of 

the large scale application of these high-rate MRPCs into real physics experiment. 

With the trend of increasing luminosity in many accelerator upgrade programs and 

new experiments, such as the CBM experiments, the gas pollution, which is closely 

related to the detectorôs performance, has become a nonnegligible factor. The polluted 

working gas mixture loses its original function of attaching electrons and quenching 

photons, and the impurities may damage the gas gap structure. The gas pollutionôs 

influence has once been observed on the muon telescope detector (MTD) in RHIC-STAR. 

It can grow more severe in a much higher particle flux rate required by the CBM 

experiment. 

This thesis is devoted to the development and application study of the high-rate 

MRPC towards the CBM experiment. Based on the technique of the low-resistive glass, 

the real-size MRPC prototype is designed. It is proved through a series of beam tests that 

this MRPC always keeps an efficiency over 97% and time resolution around 60 ps, which 

makes it the first candidate to be fixed as the final design by the collaboration. 76 MRPCs 

have been produced for the FAIR phase 0 program, and 48 of them have been shipped 

and installed at STAR as the eTOF system providing endcap PID in BES-II running. After 

the offline calibration and analysis on 27 GeV Au + Au collision data, the 60 ps timing 
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performance of the MRPCs are proved to be consistent. The PID in the STAR endcap 

region is realized for the first time, and the separation of (ˊ+K)/p can reach a momentum 

of 3.0 GeV/c. The successful application of these high-rate MRPCs into real practice of 

physics experiments will provide critical guarantee for obtaining physics results at both 

CBM and STAR experiment. 

This thesis also conducts the gas pollution caused by high flux rate of the CBM 

experiment in a systematic way. Both simulations and X-ray experiments are carried out 

to reveal the distribution of gas pollutants. All results have pointed out that the 

interchange of gas accelerates with the decrease of the gas volume. Based on the 

conclusion, a new structure of self-sealed MRPC is proposed, which has a much smaller 

gas volume intending to accelerate the exchange process between the fresh and the 

polluted gas. The knowledge from this study is helpful to design the TOF detectors in 

CBM and other high-luminosity experiments. The simulation method described can be 

also applied in other concerned gas related issues in gaseous detectors. 

 

Key words: MRPC; CBM; high rate; particle identification; gas pollution 
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Ӏ  

QCD   ꜚⱬ ̂Quantum Chromo-Dynamics̃ 

QGP   ᾥ ᵣ̂Quark-Gluon Plasmã 

TOF   ̂Time-of-Flight̃ 

PID    ≢̂Particle Identificatioñ 

MRPC   ̂Multi-gap Resistive Plate Chamber̃ 

RPC   ̂Resistive Plate Chamber̃ 

FAIR   ̂Facility for Antiproton and Ion Research̃ 

CBM   ̂Compressed Baryonic Matter Experiment ̃

BNL   ᾥ ̂Brookhaven National Laboratorỹ 

RHIC   ̂Relativistic Heavy Ion Collider̃ 

STAR   RHIC ̂for Solenoidal Tracker at RHIC̃ 

VPD   ᵝ ̂Vertex Position Detector̃ 

TPC   ̂Time Projection Chamber̃ 

eTOF   ̂endcap Time-of-Flight system̃ 

BES-II   ԋ ̂Beam Energy Scan IĨ 

CERN Ҭ ̂Conseil Europ®enn pour la Recherche 

Nucl®airẽ 

LHC   ̂Large Hadron Collider̃ 

SPS    ⱴ ̂Super Proton Synchrotroñ 

DAQ   ̂Data Acquisition system̃ 

PMT   ᾣ Ṑ ̂Photomultiplier Tubẽ 

TDC   ̂Time to Digital Converter̃ 

DUT   ̂Detector under Test̃ 

REF   ̂Reference Detector̃ 

BREF   ̂Beam Reference Detector̃ 

TOT   ̂Time over Threshold̃ 

PCB   ┘ ̂Printed Circuit Board̃ 

SIMPLE ⱬ ̂Semi-Implicit Method for 

Pressure-Linked Equations̃ 
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1     

ᵬҹ ѿҩ № ̆ Һ

ῒӊ ԑᵬ Ȃ҉׆ҕ Έ ף ֲ̆ ױ ҍ Ҍ

ԅ Һ ĺĺ ‰ ̆ ԅ ̆

ғ ԅ ԑᵬ Ҭ ҈ ̂ ԑᵬ ̆ ԑᵬ ԑᵬ ̃

[1]Ȃ ꜚⱬ ̂QCD̃ ԅῒҬ ԑᵬ ̆ ῒҬ

ᾥ ̆p ᴆҊ̆ ᴪ ҹ ᾥ

ᵣ[2]̂QGP̃ȂQGP ԍ ̆

ѿ֓ ᵣ Ҭ ῤ ̆ QGP ꜛԍ

ҍ Ȃֲ ҹױ ט ԅ ꜜⱬ̆ ԅѿ ↓

̆ת ֟ ֟ ̆ QCD

Ȃ Ҭת ֟ ≢ ץ ῒ̆ № ȁ

῏ Ȃ ֓ ⱴ ֦

Ҍ ̆ ‗ ῃ Ȃ 

1.1   QCD  

ᵬҹ ԑᵬ ̆QCD ᵞ ѿ ’Ҋ̆ ᾥ

ԍӊ ᵬ ⱬ ѿ ̆ ľ Ҭ Ŀ ĺĺ

ױ Ҭ̆ ⌠ ̆ ҹ QCDľ Ŀ [3]̆ ᾥ

ᴪ ľ Ŀ̆ ӊױ ᴪ⁞ ׆ Ἕ ̆

ᵬ ᾥ ᵣ[2]Ȃ 

QCD ᾥ ̆ ԅ҉ ⌠

QGP ̆ῒ ץ T ‪
B
ɟңҩҺ ̆ῒҬ

B
ɟӞ

ץ ҹ ל
B
ɛ̆ ף ѿҩ ҬῬ ⱴѿҩ ᶫ

̆ ⱴ T
B
ɛ ̆ ԍ ԅ ̆ ᴪᶏ

Ҭ ᾥ ľ Ŀ ҹQGPȂ 

ρȢρ ԅQCD T
B
ɛӊ ῏ ̆ Ҭ Ҋ ᵞ ᵞ ל

ҹ ȂQCD 0­
B
ɛ ̆

⌠QGP̆ ₃ ῤ Ҭ

̆ № ꜛԍ ῀ ҍ Ȃ 
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ρȢρ  QCD Ȃ [4]Ȃ 

‪ ׆̆ ⌠ QGP ׆ ҹѿ

̆ ѿ ҹQCDҳ ̂ ҬCritical Point̃̆ ҳ

ᵝ ҉ ῤ ῏ ӊѿ[5]-[9]Ȃ

ѿ ̆ѿ ̂ Ҭ ̃ 0­T ᵈ̆ ᴪ 0 MeV =T

ᵝ ̆Ӟ ԍ ѿҩҳ ̂ Ҭ Ҋ Ȃ̃ ѿ֓

ѿ ᶷ ѿҩ ҹľ ᾥ Ŀ[10] ̆ҍ QGPӊ

ѿҩ҈ [11]Ȃ ԍ ╠ֲ ׆ ֽ̆

̂CSC̃ ̂CFL̃Ạ₮ Ȃ 

QCD ̆ ≢ ȁ҈ ̆

ҍ ȁ₀ ȁ ᵣ ῍ ῏ Ȃ 

1.2    

ԍ ᾥ ᵣȁ ᾥ QCD ֽ ԍѿ֓

Ҋ̆ Ҭ ῤ ̆ҹ QCD ֲҹ⇔

ᴆ̆ѿҩ [12]Ȃ ң

ⱴ ᾣ ̆ ԑᵬ ῤ̆ ῤ

Ҭ ̆ ₮ ᾥ QGP ̆ӊ Ҍ

Ҋ ̆QGP ҹ ᵣ̆ ҹ ץ [13]Ȃ
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Ӟ̆ ᵬ ₮ ̆֟ Ҍ ֟ ῀ ̂ ̃

[14]Ҭ ץ ₮ QCD T
B
ɛȂ ₮

̆ҹ ҩ ̆ ≢ QGP‰ Ḥ

̆ ΐ Ҍ ∆ ꜚⱬ

Ȃ 

 

1.2  ₮ QCD T B
mҍ ῏ Ȃ [15]Ȃ 

Ҭ Ҍ ⌠ QCD ӞҌ ̆ 1.2 ԅҌ

₮ ל ῏ [15]Ȃ ̆ ₮

Ӟ ̕ ѿ ̆ ԑᵬ ̆↕ ԅ ̆Ҍ

ԑ ῏ ̂ 1.3̃Ȃѿ֓ ᴪ [16]̆

ᾥ ̂BNL̃ RHIC̆ ץ

⌠200 GeV̆ῒ҉ ̂STAR̃ Ҭ Tᵞ
B
ɛ

̆ ⱬԍ ѿ ӊ QCDҳ ̆

QGP [17]Ȃβ ԍ Ҭ ̂CERÑ

̂LHC̃҉ ALICE↕ ѿ ῀ԅ╠ ̆ῒ
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5.5 TeV̆ Ӟ QGP ῏ ҹ̆ QGP

ᶫԅ ᴆ[47]Ȃҍ҉ ᵌ ᵝԍ CERN

ⱴ ̂SPS̃҉ NA61 [18]Ȃ ╠ Ҭ

Һ ңҩ ῒ̆ѿ ḇ Dubna ̂JINR̃ NICA

[19]̆ QCD Ȃ ѿҩ

̂FAIR̃ ̂CBM̃̆ Ҋ

ԋҩ ҳ [20]Ȃ 1.3 ԅ₃҉ץҩҺ

ԑᵬ № ̆ ҹ ԍⱴ ֦

̆ ԑᵬ CBMγ ̆ ֓ ֽ

⌠֟ ̆CBM ↕ Ṣꜛ FAIRⱴ ֟

ԅ ֟ ׆̆ QCD Ȃ 

 

1.3  Һ ҍ ԑᵬ № Ȃ

STARNA61 ̆NICACBM

↕ ל ȂCBM ԑᵬ ῒז

Ȃ [21]Ȃ 

῏RHIC-STARFAIR-CBMңҩ ῤ 2 ᵬΐᵣ׃ Ȃ 
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1.3    

֟ ≢̂ PID̃̆

Ҍ ѿ Ȃѿ ̆ ⌠ ̆ ‰ץ

≢₮ [22]Ȃ Ҭ ת ѿ ↓ΐ Ҍ ⱳ

̆ ῀ ױ №Ȃ 

╠ №Ҍ ̂ ׃́ ȁK׃ ȁ ̃ Һ

ӊѿ̆
TOF
t L̆ ץ ⌠ ̔ 

  

=
TOF

L
ɓ

ct
 

 

(1-1) 

ῒҬ cҹᾣ Ȃ Ҭת ץ ₮ ѿ ꜚ Ḥ ̔ 

  

21
=

-

0
m cɓ

p
ɓ

 

 

(1-2) 

(1-1) (1-2) ̆ ץ ₮
0

m̆

ῒ ѿ ԋ ̆ ԅ
0

m ≢∞ץ ̔ 

  
2 2

2
1= -TOF

0

c tp
m

c L
 

 

(1-3) 

ҹԅ №ңҩҌ
1

m
2

m ғΐ ꜚ ̆ ץ ױ

№̔ 

  
2 2 2 2

2 2

2 2 2
1 1

2
= + - + º -1 2

TOF 1 2

m c m cL Lc
ȹt m m

c p p p
 

 

(1-4) 

ῒҬ ᵌ Ẋ p mcҊ ₮ Ȃ ҉

№
TOF
ů ≢ ⱬ[23]̔ 

  
2 2

22
= = -TOF

ůTOF 1 2

TOF TOF

ȹt Lc
n m m

ů p ů
 

 

(1-5) 

ҹԅ ≢ѿ ≢ ⱬ ԍ 3̆ ΐ

№ ̆ № ңҩ Ȃ 1.4 ԅ҈
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№ ̂60̆80 100 ps̃Ҋ ≢ ⱬҍ ꜚ ῏ [24]̆ῒҬ҈

№≢ Ҍ №̔ ҹ ׃́/ ≢

ⱬ̆ ׃́ /K׃ ̆ K׃ / Ȃ ≢ Ṣꜛῒז

̆ ץ ҹ ׃́ K׃ ≢ ҹ Ȃ

1.4(a)Ҭ ץ ⌠̆ҹԅ 3 GeV/cꜚ Ҋ /́K ≢̆

ΐ 80 ps№ Ȃ ꜚ ⱴ̆ ץ Ҍ №̆ ԅ

Ⱳ № ̆ ץ ⱴ ̆ 1.4(b) m 6׆

⌠10 m̆ 80 ps № Ҋ̆ /́K ≢ ꜚ ⌠ԅ4 

GeV/cȂᵖ Ҭ Ҍ ̆ ҹ № ̆

⌠ TOF ԅ ̆ №Ḥ Ӟ ԅ̆

ת ̆ ⱴԅ ᴇȂ ץ

Ȃ 

 

1.4  ΐ ҈ Ҍ № ̂60̆80 100 ps̃ e/́ȁˊ/K K/p

≢ ⱬҍ ꜚ ῏ Ȃ (a) ҹ6 m̆ (b)⌠10 mȂ [24]Ȃ 

1.4   ЃMRPCЄ  

ҍ Ҭ ╠Һ ң ץ Ȃῒ

ѿ ᵣ ᵬ̆ҹ ̆ ᵬҹTOF BESIII[25]ȁCDFII[26]

BELLE[27] Ҭ ⱳ ̆ῒᴨל ԍ ̆ ̆

№ 100 psץҊ[28]Ȃp ѿ ̆ Ҭת ᴪ PMT

ᵬ ̆ PMT↕ ԅ ᵣTOF ᴇȂ ֓ SiPM ᾣ ᴆ
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‗ԅ Ҋ ᵬ ̆ᵖ ᵣ ׅ ‗

₯Ҭ ₮ ȂᵬҹTOF ѿ ̆

ȁ└ᵬ Ḃȁ Ὶΐᴨ № ̂MRPC̃

῀ԅֲױ ̆ ԍ TOF Ȃ 

1.4.1   MRPC ᵲ  

MRPCѿ ᾢ ᵣ ῒ̆ ԅ [29]Ȃ

╠ ⌠҉ҕ ₮ף40 ̂PPC̃[30]̆ ңҩ ԑ

̆ ҉ ῒ Ҭ֟ ̆ ῀

ᴪ ׆̆ ⌠ѿҩ Ḥ ȂPPCҌ ᵬ̆

℗ ѿ Ҋҩ ̆ ῒ

ⱬ Ȃҹԅ ‗ ѿ ̆Parkhomchukֲ ԅ

̂PSC̃[31]̆ᶏ ᵣ ף ̆ᵣ 109 ɋcm Ȃ῀

└̆ ΐ ԅ └ Ҍ̆Ῥ ᵬ

‖ Ҋ̆ ᵞԅ└ ̆ ᶏ ҹԅ Ȃ

֟ ̆ ֽ ῤ̆ῒᵩ №ׅ Ḡ Ȃ

PSC Ҍӄ ̆ ֲ ׆ ̆ ң ӊ

ҹ0.1 mm[32]̆ ⱴ ᵬ ᵣ ₃ҩ [33]̆

[34]ΐ ҹ ₮ № ̆ ⌠ԅ100 psץῤȂ Pestov

ΐ ₮ ̆ᵖ ҹῒ ᵬ ԍ ᵬ ᴆҊ └ԅ

Ҭ Ȃ 

҉ҕ 80 SantonicoCardarelliԅ̆∆ף ̆

└ ₮ԅ ף ̂RPC̃ ѿ [35]̆ ץ Ҋ ᵬ̆

ԅ ̆ҹԅ⁞ ׆ ᵞ

̆ ῤ ѿ Ҭ ֒ [36]Ȃң ӊ

↓ 2 mm ̆ 0.01 mmץῤȂ ∆ RPC

ᶏ ᵬ ᵣҹ ȁ Ҁ ≠ ̆ ᵬ ᵣ ̆

ᴪ ∆ ֟ ̆ ᵬ Ҋ ⱴ ΐ̆

ᴪῬ ᵬ ᵣ֟ Ȃ PPC Ҭ̆

Ṑ ῃҌ ̆ ᴪ ҹ ̆RPC↕₃׆ҩ

└[37]̔ PSCᵌ ̆ └ ̕ ᵬ ᵣҬ Ҁ

ΐ ᾣ ̆ ᾣ ԋ ̕ ѿ ᵣ № ≠

ᵣ̆ ḛ Ҭ֟ № ̆⁞ Ȃ ̆ ᵣ
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ԍ RPC ᵬ ‗ ᵬ ̆ ѿ 1.5.2ҬẠ ҹ

Ȃ ҹRPC ᵬ ᵣҬ ̆ ⱴ ̆ ᶏ֟

Ḥ ѿ ₃ ҩ ᴟ̆ ץ ⌠₃ ΐ̆ Ḥ ȁ

RPC ᵬ ᵬ ᾣ ҊȂ ѿᴨ ῒ Ḥ

₃Ӎ ľ Ŀ ̆ ᶏ ῤ ꜚ֟ Ḥ

ҹ Ȃ ѿ RPC ΐ ԅ ⱬ ̆ ₃Ӎ

100%̆ № 1 ns̆ ᵬҹ

̆ ᾣ RPC BaBar[38]ȁARGO-YPJ[39]ȁALICE[42]

Ҭ ⌠ԅ Ȃ 

 

1.5  MRPC Ȃ ң ῀ԅ ΐ ꜚ ᵝ ̆

ΐ ᵝ └̆῀ ᴋѿ Ҭ Ȃ
[29]Ȃ 

ᾣ RPCҺ ⱬҤ ѿױֲ̆ ץ

ᵬ Ҋ RPC Ȃ ᾢ׆ ᵬ ᵣ῀ ̆ ץ

ᵣ № └ [43]̆ RPCATLAS[40]CMS[41]

Ҭ ԅ ⱳ Ȃ ץ ⁞ ̆ ҉

ⱴץ └̆⁞ ᾣ ̆ᵖ ᴪ ᵞ̆ҹ ‗ ѿ ̆

MRPCѿ 1996 ₮ [44]Ȃ 1.5 ̆MRPC

RPC ҉̆ ң ӊ ῀ԅ ̆ Ҭ
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̆ ⱴ ᵬ Ҋ ԇԅ ꜚȂל Ҭ ΐ

└̆ ҹ ҩ Ҋ҉׆≢̆№

Ҭ ̆ ԅ Ҭ ᶏ̆

ҩ Ҭ ΐ Ȃ ҉̆ [45]ῒ

ᵞ ȁᾣ ᶃ ԅף ̆ ҹ MRPC

ȂMRPC ᵬ ҍRPCᵌ̆ ҩ Ҭ RPC

̆ ᵌԍ ҩ RPC ѿ ᵬ̆ῒ ₮ ҉ Ḥ

ҩ Ҭ Ṑ № ⱴ Ḡ̆ ԅ Ḥ Ȃ ̆ ҩ

ѿ ₃ ̆ Ḡ ῒ ᵬ ╠ Ҋ ץ ѿ

̆ ԅ ̆ᶏMRPC ԅ RPCᴨ

№ ⱬȂFonteֲ 2000 └ ԅΐ ⱳ MRPC [46]̆

Ṣꜛ0.3 mm ̆ ԅ107 ps № ⱬȂ 

1.4.2   MRPC  

20 ̆≠ MRPC ҹѿ

̆ MRPCׂ ⌠100 psץҊ № ̆ᶏῒ

ᴋ Ҭ ֟ ᴋⱵ̆ Ҭᵬҹ TOF

⌠ԅ Ȃ 

1.1  ᶏ MRPCᵬҹTOF Һ Ҭ  

 ALICE STAR HADES FOPI 

̂cm2̃ 120 Ĭ 7.4 18.6 Ĭ 6.0 Ҍ  90 Ĭ 4.6 

̂m2̃ 141 50 8 5 

₮ ᾝ̂cm2̃ 3.7 Ĭ 2.5 6.0 Ĭ 3.1  90 Ĭ 0.164 

̂mm̃  10 Ĭ 0.25 6 Ĭ 0.22 4 Ĭ 0.27 8 Ĭ 0.22 

ᵬ ᵣ̂C2H2 

F4/C4H10/SF6 ᶛ  ̃

90 / 5 / 5 95 / 5 /0 98.5 / 1 / 0.5 80 /15 / 5 

ᵬ ̂kV/cm̃ 104 106 111 109 

 99% > 95% 97% 99% 

№ ̂ps̃ 50 60 66 60 

̂Hz/cm2̃ 50 200 700 50 

ᵬҹ MRPC Ӟ ̆ᵝԍ

̂LHC̃ ALICE[47]ᶏ 1593ҩMRPC ԅ141 m2 TOF Ȃ
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ALICE-TOF MRPC ̆ 10ҩ250 ɛm №ҹңҩ [48]̆

Ḥ ҉ 96ҩ 3.7Ĭ2.5 cm2 ₮ ₮⌠ NINO╠

Ҭ[49]Ȃ MRPC 50 ps № ̆

ῒז ῀ ꜚ̆ ҩALICE-TOF № ⌠ԅ80 ps[50]̆ ԅ

2.2 GeV/cҊ3ץů ˊ/K№ 4 GeV/cҊK/p№ Ȃ 

1.2Ҭ׃ RHIC-STAR Ӟ ԅ4032ҩMRPC 50 m2

TOF [51]ȂSTAR-MRPCҹ 6 ̆ ҹ220 ɛm̆

18.6Ĭ6.0 cm2̆ 6ҩ6.0Ĭ3.1 cm2 Ḥ ₮[52]Ȃ

MRPC ᵬ ԅ95%̆ № 60 ps̆ ԅSTAR

1.6 GeV/cҊˊ/K 3.0 GeV/cҊK/p3ů№ Ȃ ᵬҹSTAR

ᵬ ̆ ⱳ ԅ3100ҩMRPC ֟ᴋⱵ[53]̆ ѿ

Ḡ ԅ Ȃ 

֝ ῗ Ҭ ̂GSĨ HADES̃[54]̂ת

ᶏ MRPC ҍᴧҌ ̆ ҈ ң ֜ ̆

ҹ2 mm̆ ῒ ҹ270 ɛm 4ҩ [55]Ȃ ῒ

̆ № 120⌠520 mmӊ ̆ 20⌠50 mmӊ Ȃ1116

ҩMRPC ԅ 8 m2 TOF ̆ ҹ97%̆ №

ҹ 66 ps[56]Ȃ GSI ѿҩ ̆FOPI [57]Ҭᶏ ԅ ᵌ ALICE-

MRPC ԅ5 m2 TOF ̆ MRPCΐ 2Ĭ4ҩ220 ɛm

̆ ₮ ҉ 16ҩ ₮ ̆ ԍ ₮ ̆ ₮ ᴨל ԍ ץ

₮ ѿḤ ׆ ₯Ҭᵝ ȂFOPI-MRPCΐ 99%

ԍ60 ps № [58]Ȃ 

1.1 ԅ҉ Ҭ MRPC ̆ ῒ

100%̆ № Ӟ ⌠ԅ50 ps Ȃp ҹ ֓

Ҍ ̆MRPC ⱬ 100 Hz/cm2ץҊ̆Ҋ ῤ ΐᵣ

MRPC Ȃ 

1.5   MRPC  

ҹԅ ῀ ̆ ҹԅ ֲ̆ ױ

Ҭ ῏ Ԋᶛ̆Ҍ ⱴ ֦ ҹ ֓

Ȃל ֦ ᵬ ԍ ת ̆

‰ ̆ CMS ҹ LHC֦ ⌠

1034-35 cm-2s-1̆ RPC ⱬ ⌠kHz/cm2 [59]Ȃ ѿ֓
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ӊ∆ ̆ 1.2Ҭ ⌠ 2 ΐᵣ׃

CBM ̆ῒTOF ⌠30 kHz/cm2[60]Ȃ ӊ

MRPC ׆̆ ҉ ҹ

ᵞ̆ ᵣ ⱴ ԅȂ ᵥ ‗ MRPC ҊḠ

ѿ ̆ ῒ Һ ֦ Ҭ ⌠ ῏ Ȃ 

1.5.1   ᵤ 

MRPCῤ RPC ⱬҌ ̆ ҹῒ ῀

⌠ԅ └ ᵬ ̆p Ӟ ᵞԅ Ȃ

֟ ᴪ̆Ҭ № ̆

Ҭ Ӟ ᵞԅ̆ ѿ ֽ ῀

̆ ῒז №ׅḠ ᵬ ̆ ᵞ ̆

⌠ ѿᵝ ҉̆ ῒץ ᵬ Ҍ Ȃ

ⱴ̆ңҩ ῤ ₯Ҭ ѿ ⱴ

̂ ҍRPC ῏̆ ң

‗ ̃̆ ԋҩ ᵞԍ ∆ Ṑ ṿ̆

ӊ ҩ ľ Ŀԅ̆ ҉ Ҋ ̆ ѿ

Ҭ ⌠ԅ [61]-[63]Ȃ 

 

1.6  ң MRPC Ȃ 

ҹԅ RPCᵬ └ S̆antonico₮ԅľ Ŀ [64]Ȃ

ԅΐᵣ ̆ MRPC ҹ
b

R
g

R ұ

̆ 1.6 ̔ Ҭ ̆ ҹ
g

R

ԍ
b

R̆ ᶫ ₃Ӎῃ ᵬ ԍ ҉̆ Ҭ

ҹ ̆ ҹ
g

R
b

R ̆ ᵬ MRPC ṿ ̕

ᵣ ̆ Ҭ ᵬ ᵣ ᵬ Ҋ

̆ ҹ ̆ Ҭ֟ Ĭ

҉֟
drop

V Ҍ Ῥ ̆ ׆ ᶫ
ap

V Ҭ№ ⁞̆ ԅ
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Ҭ
gap

V Ȃ ԍ 1.6Ҭ ң ’̆ῒ῏ ҹ̔ 

  1
( 3 )

2
= -

gap ap drop
V V V  

 

(1-6) 

drop
V ׆ I ҩ

b
R ⌠̔ 

  
= = =

drop b

d
V R I ɟ ūSq ɟdūq

S
 

 

(1-7) 

ῒҬɟ ᵣ ̆d S№≢ ῒ ̆ū ῀ ̆q

ҩ῀ Ҭ Ṑ Ҭ֟ Ȃ Ӟ̆

ū ̆ ҉ № Ӟ̆ ᵞԅ ῤ Ȃ ׆

(1-7)ҬҌ ₮̆ҹԅ⁞ ᵞ ̆ ҈ҩ qȁɟ d└

‗ ̔ 

ᾢ̆ ץ ⁞ Ȃ ԍ ₮

Ḥ ԅ̆ ╠ ṿ ̆ ̆ ᴪ ҹ

Ҍ⌠Ḥ ȂATLAS LHC֦ ҹRPC ԅ

ȁᵞ ╠ [65]̆ ԅX ̆ 12.5 kHz/cm2Ҋ

ⱳ ԅ>90% [66]Ȃ 

ῒ ̆ ץ ⁞ Ȃᶏ ᴇ Ҍ Ȃ

mm ̆ ῒ ѿ ᵞ Ȃ

ԅᴪ ҉ Ҍ ̆ ҩᵝ

ⱴ Ḡץ ̆ ԅ ᾣ ̆ ֟ Ȃ 

Ӟ̆ ῏ ѿҩ ᵞ ץ ף

ᵬҹ Ȃ ᵣ 1012 ɋcm ̆ ᵣ ⌠ᴪ ҩ

ӊ╠̆ ᵞ ץ RPC 2⌠

3ҩ Ȃ ΐ ̆ CBM

ѿ Ȃ ׂҹ ֲ̆ ױ ԅ ᵣ └ ̆ Һ

[67]ȁ └ ᵣ[68]ȁ [69]ȂῒҬ

ҹ ⱳ ԍ 2008 ѿ ᵣ [70]Ȃ 

1.7(a) ҹ └ ᵣ ̂ Ҭ ѿ ҹᵞ

̃ ̆ ѿ ԅ ᾝ ̆ ̆

ᾣҌ ̆ῒ ᴰ ᵞ2ҩ ̆ 1010~1011 ɋcm ῤ

[72]Ȃ ҹMRPC ̆ ֟ Ҭᴪ ᾣ

̆ 1.7(b)ԅ≠ 3D ̆
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ṿ 1 nm ̆ ṿ10 nmȂҹԅ ᵞ ⱬ̆ ԍ

ᵬҹ MRPC ԅ ̆ ⌠70 kHz/cm2 ̆ ׅ

Ḡ ԅ90% ᵞԍ80 ps № [73]Ȃ 

 

1.7  (a) ᵣ ̆ Ҭ 32 cm Ĭ 30 cmҹ

└ Ȃ(b) Ҋ 3D Ἕ̆

ṿ̂ Ҭ Sa ̃ 1 nm Ȃ [71]Ȃ 

1.2  ᵣ  

 ṿ 

̂cm2̃ 32 Ĭ 30 

ᵣ ̂ɋcm̃  ~ 1010 - 1011 

‰ ̂mm̃  0.7 / 1.1 

̂ɛm̃  20 

̂nm̃  < 10 

׃  7.5 ï 9.5 

1.5.2   ᵲ ᵩ  

ҹḠ MRPC ᵬ Ҋֲ̆ ױ ľ Ŀĺĺ ᵬ ᵣ

ԅ ̆ ѿ ≠ ̂C2H2F4̆ Ӟ ᵬ R134aȁ̃

Ҁ ̂i-C4H10̃ Έ ̂SF6̃ ᵣ ᶃ ȂC2H2F4

SF6 ᵣ̆ῒⱳ ԍ Ṑ Ҭ֟ № ̆

ѿ ҹ ᾣ ̆ └ԅ ҉ ̆ └

[74]-[75]Ȃi-C4H10 ᾣ ᵣ̆

ᾣ ̆ ᾣ ԋ ֟ [76]Ȃ 
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ᵬ ᵣҬ ҩ № ᾣ ԅ №̆ ԅ

ⱳ ̆ ֓ ֟ ᵖҌ MRPC ᵬ Ҋ̆ ᴪ

֟ [77]Ȃ 1.8 ԅLHC ֲ Ṣꜛ

RPC ₮ ᵣ № № ̆ ץ ⌠

֟ Ҭ ȁHFȁF-ȁ ≠ № ῒז ȂῒҬHFΐ

̆ ҍ ῤ ̆ ᴪ ѿ

[78]̆ ԅ ̆ ᴪ ῤ №

[79]Ȃ ֓ Ҍ ‪ ᵬ ᵣ֜ ̆ Ả

ῤ ᴪ Ҍ Ȃ 

 

1.8  LHC ֲ RPCᵣ ԅ Ȃ(a) ῀RPC

ľ ‪Ŀ ᵬ ᵣ №̆C2H2F4ȁi-C4H10 SF6҈ № Ҭ Ȃ(b) 

RPC₮ ᵣ №̆ ץ ⌠ ֟ ̆ ȁHFȁF-ȁ

≠ № ῒז Ȃ [80]Ȃ 

ᵬ ᵣᴪ ң ѿ̔ ᵣ ⱴ ԅ̆

ᴪ ῀ ֟ ᾣ ̆

ᵬ ᵣ ᾟ̆ ₮ ᾣ ̆ ԅ ̆

ᶏ ᵞ̆ ԅ ԋ̕ HF

֟ ⱴԅ̆ ⱴ ᵣ ֜ ₮ ῤ Ȃ RHIC-STAR

Ҭ ⌠ ᵣ [81]̆ 1.9(a)̆ ̆

MTD MRPC ⱴ̆ Ả ̆ Ҋ ̆

Ῥ ҉ ̆ ΐ TOF 

MRPC ̂ Ҭ ̃ Ȃ ֲ MTDҬ ᵩ
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ᾟ̆⁞ ԅ Ҭ ᵣ ̆ӊ 1.9(b)Ḡ

ᵞ ̆ ԅ ᵬ ᵣҍ ӊ ֜ ⌠ԅ Ȃ 

 

1.9  STAR ̂MTD̃Ҭ ⌠ ᵣ Ȃ(a) 

̆MTD ⱴ̆ Ả ̆ Ҋ ⌠

Ῥ ҉ ⌠ ̆ TOF MRPĈ ̃ Ȃ

(b) MTD ᵩ ᾟ̆ ᵞғ ԍ ᵞ Ȃ [81]Ȃ 

╠ № ₃ Hz/cm2ץҊ̆MRPC Ҭ

ᵬ ᵣ№ ԍ ᵣ№ ̆ ᵣ Ҍ Ȃ

ⱴ ֦ ̆ ᵣ ҉ ҹ└ Ȃ

ԍֲױ ⁞ ҉ ῀ ⱬ̆ ⱴ ᵣ

῏ ̆ᵖ CBM Ҭ 30 kHz/cm2

Ҋ̆ Ҍ Ῥ ῒ Ȃ 

1.6   ӎғ  

Ҍ ת̆ ⌠

‗ ԅֲױ Ȃᵬҹ MRPC̆ῒ ԍ100 ps

№ ꜛ № ₮ Ҍ ̆ ֓Ḥ ̆ ױ ץ

῏ ҍ Ȃ 

Ҍ ꜚԅ ̆ ֦ ⱴ ᴰ

MRPC ⱬ ₮ԅ Ȃᵞ ⱳᶏMRPCḠ ╠

Ҋ ԅңҩ ̆ ᶏ ҹ

└MRPC ̆ ԍSTARCBM TOF Ҭ̆

≢ ᴋ ҹ̆ Ȃҍ ̆ ⱬԍ

Ҋ ᵣ ̆ ₮ԅѿ ԍ ᵣ
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ῃ Ȃҹ ‗ ᵣ ̆ ₮ԅ MRPC

̆ CBM ῤ ᵣ ΐ

ᴇṿȂ 

Һ ԍ̔ 

Á ԍCBM ҹ TOF ̆ └

№ MRPC Ȃ 

Á ҹCBM-MRPC Ҭ ┴ № ̆ ᶏ

≢Ȃ 

Á ԋ ĺĺ ᵣ ̆Ṣꜛ ṿ

№ ᵣ ҩ ̆ ҹ ‗ ֦ Ҭ ᵣ

ᶫ ‗ Ȃ 

Һ ⇔ ̔ 

Á MRPC ₮ ԍ ῤ ᵣ

̆ X ԅ ̆ ₮ԅ

ᵣ ᵞ ῤ Ȃ ԍ ₮ԅ

MRPC ̆ CBM ῤ ֦ Ҭת

ᵣ └ΐ ӈȂ 

Á ╠ ̂25 kHz/cm2̃ CBM ̆

₮ ᴨ ̆ └ ⱳ 8 MRPC Ȃ

97%̆ № ⌠60 ps̆ CBM ̆ Ҭ

Ȃ 

Á └ MRPCⱳ ԍSTAR-eTOF ̆ ┴ № ̆

ԅSTAR ≢̆ ˊ/K№ 1.1 GeV/c̆ (ˊ+K) /p№

3.0 GeV/c̆ ԅSTAR ̆ҹ CBM STAR҉

ԅ Ȃ
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2     

CBM STARңҩ №̆≢ QCD

Ȃң ᵬҹ ≢ ̆ ֓

TOF ҉ ԅ ῀ ᵬ̆ CBM └ MRPC Ӟ ץ

STAR Ҭ ԅ Ȃ FAIR-CBM RHIC-STAR ӊױ

ᵬ ᵬ ׃ Ȃ 

2.1   FAIR- CBM  

2.1.1   ЃFAIRЄ 

 

2.1  FAIR Ȃ [82]Ȃ 

FAIR ᵝԍ ⱴ ̆ 2.1 ̆

GSI֝ ῗ Ҭ ҉̆ ңҩ ↨ №≢ҹ100 

Tm 300 Tm ⱴ SIS100/SIS300̆ⱴ ҹ 1084 m̆

GSI ⱴ SIS18͂ / ⱴ ̆ ҹ̔ 
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( )

2 20.3 GeV / Tm[ ]= Ö Ö Ö + -E / A B r Z / A m m 

 

(2-1) 

ῒҬ A ̆Z ̆m ̆ ÖB r ↨ Ȃ ץ

⌠ SIS100ⱴ ⌠ ҹ29 GeV̆ ԍ

ҹ11 AGeV̆ ⌠ ↕ 2 AGeV [12]ȂSIS100⅞

2025₮ ̆SIS300 ῒ ₃ ԋ Ҭ ᶫ

̆ №≢ ⌠90 GeV 35 AGeVȂ ԍῒזⱴ F̆AIR

ῤ ̆ SIS100/SIS300₮ ᵝ

109 /s̆ ╠ ⌠ ṿȂ 

FAIR ҹѿ ↓ ᶫ ̆

ȁ ᵣ ȁ ȁ ᵣ Ȃ 

2.1.2   ЃCBMЄ 

ᵬҹᵝԍFAIR҉ ӊѿ̆ῒ ԍṢꜛ

ԑᵬ ׆̆ Ҭ Ҋ ԑᵬ

̆ ‗ ⌠ ᾥ № ҍҳ ȁҬ

Ҋ QPG ȁ Ҭ ץ

ױֲ ῏ Ȃ 

 

2.2  CBM ת Ȃ(a) / Ȃת Ȃ(b)ת
[83]Ȃ 

ᵬҹ ̆CBM ΐ Ҍ ⱳ

ᶭ ↓ ̆ת 2.2 ̆ ң ԑҌῚ

Ȃ 2.2(a) / ת Ҭ ѿҩ ԋ ȁ
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̂MVD̃ȁ ̂STS̃ȁ Ἕ ᴶ

̂RICH̃ȁ ̂TRD̃ȁ ̂TOF̃ȁ ̂ECAL̃

̂PSD̃Ȃ 2.2(b)Ҭ ת Ҭ̆ ҹ

ᵣ ѿ ̆ ץ ҊRICH № TRD

̆ ҉ ̂MUCH̃Ȃ 

2.1  CBM Ȃ [12]Ȃ 

 MVD STS RICH MUCH TRD TOF ECAL PSD 

ˊ, K, p  ã    ã  ã 

  ã    ã  ã 

 ã ã      ã 

  ã ã  ã ã  ã 

  ã  ã    ã 

ᾣ        ã ã 

ᾣ  ã ã ã  ã ã  ã 

CBM Ҭ̆MVD ῤ ѿҩ̆ῒⱳ ԍץ

50~100 ɛm ᵝ № ∆ ᵝ [84]Ȃ ῒ

STS ̆ 1%ץ № ⌠ ꜚ [85]ȂRICH

TRDⱳ ≢ [86]T̆RD ץ № ̆

[87]̆ ңҩ ץ 10 GeV/cꜚ ῤ № ׃́ ̆

ҹץ ≢ ѿ № ׃́ Ȃ ת Ҭ MUCHҺ

ԍ ׃ [88]Ȃ ≢ ᴋⱵҺ TOF ̆ΐᵣ

Ҋ Ҭ ׃ Ȃ ECAL ᾣ ҹᾣ Ҭ ׃

[89]ȂPSD ҉ ̆ ԍ ⌠ ̆ ԍ

Ҭ ῏ Ḥ Ȃ 2.1 ԅ Ҍ Ȃ 

2.1.3   CBM ЃTOFЄ 

CBM ≢ TOF Ȃ 2.3(a) C̆BM-TOFҹ120 m2

ҹ̆ԅ M̆RPCҹԅ ҉ ѿ

ȂTOFᵝԍ 10mᵝ ̆ 1.3Ҭ ҹ̆ԅ 4 GeV/cꜚ

Ҋ /́K 3ů№ ̆ ҩ 80 ps № Ȃ ѿ ̆ ҹ

FAIR ̆TOF CBMῒז ѿ ̆

Ȃ 2.3(b)ԅ 10 MHz ԑᵬ Ҋ 2̆5 AGeV TOF҉֟
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№ [90]̆TOF ҹ 2.5Á~25Á̆ ҩ

≢̆ Ҭ ⌠30 kHz/cm2̆ Ҭ

Ҋ ⌠500 Hz/cm2Ȃ ҩTOFӞ №ҹ ҩ ̆

Ҍ ̆ MRPC

1 kHz/cm2⌠8 kHz/cm2ӊ Ҭ └ ̆ ῏ ȁ ȁ

֟ 3 Ҭΐᵣ Ȃ 

 

2.3  (a) CBM-TOF Ȃ(b) UrQMD 10 MHzԑᵬ Ҋ̆25 

AGeV ԊᶛҬ̆TOF x̆ y ̆ Ҭ ₮ԅTOF

Ȃ [60][90]Ȃ 

2.2   RHIC- STAR  

2.2.1   ЃRHICЄ 

RHICᵝԍ ᾥ 2000׆̆ ̆ ҕ ҉

[91]Ȃ FAIRѿ ̆RHICӞ ץ

ⱴ ̆ 2.4 ̆ῒҺᵣ ңҩ ҹ1 km ֜ Ữ ̆№≢

ҹ Ȃ ῀⌠Ữ Ҭ ֟ 200 MeVⱴ ̂

Ҭ Ҋ ̃̆ ֟ ̂ Ҭ LINAC̃̆ ֓

ᾢ ῀ ̂AGS Booster̃ⱴ 100 MeV ̆Ῥ ῀֜

ⱴ ̂AGS̃ⱴ 8.86 GeV̆ ⌠ ̂ ҬYellow̃ ̂
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Ҭ BluẽҬ№≢ ꜚ̆Ạ ⱴ ңỮ Έ

֜ ̆ 500 GeV/c̆

ҹ200 GeV/cȂ 

 

2.4  RHIC Ȃ [92]Ȃ 

2.2.2   ЃSTARЄ 

STAR Һ ԍ QGP ץ̆ ױֲꜛ

[93]Ȃ ӊ S̆TARӞ ԅ ѿ֓

̆ 10ַ Ҭ ⌠ 18ҩ ֟ ̆ ╠

[94]Ȃ 20 Ҭ̆STAR ȁ ᵣ ȁ

ᵣ ԅ Ȃ 

STAR ̆ ҩ Ғ

֓ ױ ̆

Ҋ Ȃ CBMᵬҹ ᶭ ↓Ҍ ̆STARᵬҹ

̆ ҹḠ ῃ ᵝ ҹ Ȃ

2.5 ̆ ׆ ̆STAR ᵝ ̂VPD̃ȁ

̂BBC̃ȁ ̂ZDC̃ȁ ̂TPC̃ȁ
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̂bTOF̃ȁ ̂BEMC̃ȁ ̂EEMC̃ȁ

̂MTD̃ ̂HFT̃ Ȃ 

 

2.5  STAR ת Ȃ [93]Ȃ 

ҩ ᵝԍ ҉ BBC VPD ̆ῒҬBBCԍ ᶫ

Ẓ ֦ Ḥ ̆VPD ₮ ̆

҉ ᵝ ҹ̆ῒז ᶫ Ḥ Ȃ

ῤ HFT̆ץ ᵝ №

Ȃῒ TPC̆ᵬҹ STARҺ ̆ ԍ

ȁꜚ ̆ ∆ ≢̆ 0.7 

GeV/cꜚ Ҋˊ/K 3ů№ [95]Ȃ ῒ ᶷ bTOF ̆ 1.4.2̆

MRPC ps 100ץ̆ № ₮ ̆ ꜚ

1.6 GeV/cץῤ ˊ/K ≢[96]Ȃ BEMCȁEEMCZDC̆

ҹ ̆ῒҬBEMC EEMC№≢ ̆ ԍᾣ

̕ZDCβ ԍ ңᶷ ̆ ԍҬ ̆ ᶫ

Ҭ Ḥ ȂMTDβ ԍ ̆ ץ ֟ Ḥ Ȃ 

ҹԅ QCD ̆ ≢ ῏ ᵝ ̆STAR ꜚԅ

̂BES̃Ȃ 2010⌠ 2014 BES-I Ҭ̆STAR ԅ

NNs = 62.4̆39̆27̆19.6̆14.5̆11.57.7 GeVҊ [97]Ȃ 

2.3   STAR- eTOF  

STAR-eTOFCBM STARңҩ ᵬ Ȃ ҹFAIRⱴ



2    

 23 

⌠2025 ₮ ̆ ֟ ᵬ ᴪ ╠ ̆ ᵬ

└ ԅFAIR0 ⅞̆ CBM ῒז Ҭ

̆ ῒ ∆ ҍ ̆ FAIR₮ ֟₮ [21]Ȃ

FAIR0 ⅞ RICH HADES Ҭ

╠ ȁ ḇ JINR/DubnaBM@N Ҭ 4

ȁ GSI SIS18ⱴ ҉ № MVDȁSTSȁTRD TOF

mini-CBM ȁ 10% TOF STAR қ ҉ STAR-

eTOF Ȃ 

̆STAR-eTOFӞ STAR 2̂ BES-IĨ Ҭ

Ҍ [98]ȂBES-II BES-I S̆TAR ᵞ

֦ ̆ QCD ȂBES-II ҹ3.0⌠19.6 GeV̆

7.7 GeV҉ץ Ҋץ̆ Ȃҹ BES-IIҬ

̆STAR ԅ ̆ ⱴ eTOF̆

iTPC[99]̆ ԅ ғ ԅ ῤ ≢Ȃ Ҋ̆

≢ ⌠1.0 1.5< <ɖ ̆ ҹ╠ ₮ ѿ ΐ

ꜚ ̆ TPC № ≢ ĕTOF

ᶏ ҍ ӊ ῏ ҹ Ȃ Ҋ̆ ԍ

NNs 3.0⌠4.5 GeVӊ ῒ̆ № bTOF

TPC ῤ̆ ԍ ̆4.5 GeV҉ץ ԍ

̆ҹԅ GeV 7.7⌠3.0׆ ̆eTOF

ҹ Ȃ 

2.6(a)ԅ eTOF Ȃ ҹ STAR қ

̆eTOF ҹ 12ҩ Ȃ ѿҩ 3ҩ֜

└ ̆ῤ ᶭ ԅ 3ҩ MRPC Ȃ ҩ eTOF

ԅ108ҩMRPC̆ CBM-TOF 10%̆ ῒҬ 48ҩҹ

└ MRPC̆ῒᵩ Ҭ ҹ CBM-TOFγ

MRPCȂ 2.6(b)ԍ 2018 ̆ eTOF Ȃ

2019׆ BES-II Ҭ̆ ῃ eTOFiTPC STAR

≢̆ ⌠BES-II 2021̆ eTOF MRPC STAR҉׆

FAIR CBM TOF Ȃ 
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2.6  (a) STAR-eTOF Ȃ(b) № eTOF ̆

ῒҬ Ҭ ̆ Ҭ ҹ

└ MRPCȂ [100]Ȃ 

STAR-eTOFңҩ ӈȂᵬҹBES-II

ӊѿ̆eTOF ԅ ≢ ̆ҹ STAR҉ ῃ

ᶫԅ ⱬḠ Ȃ ѿ CBM TOF STAR҉ ⱳ

MRPC Ҭ ᵣ ≢̆ ֓ ҹ

CBM-TOF SIS100҉ Ҋԅ Ȃ 
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3    ԓ CBM-TOF MRPC ┼ 

MRPCῒ ᴨ № ⱬץ ᵞ └ᵬ ̆ ҹԅ ╠ ץ

ᴇ CBM-TOF ѿ ‗ [60]Ȃ ̆CBM ΐ

ԑᵬ ̆TOF ӊ ╠ Ȃ ԍᵞ

̆ TOF҉ Ҭ ̆ CBM ₮ ̆

ԅ MRPC ԅ └ᵬȂ Ҭ

ΐ 97% 60 ps № Ȃ ⌠ ᵬ ̆

ԅ ѿ 76 ֟Ȃ ΐᵣ׃ MRPC

̆ № ̆ ֟ ץ̆ ҍ Ȃ 

3.1   CBM- TOF MRPC  

CBM ҹԅ ῒ ̆ TOF MRPC ₮ԅ

Ҋ [60]̔ 

Á № ԍ60 ps̆ץ ҩ 80 ps № ⱬȂ 

Á 95%Ȃ 

Á ᶭ TOF Ҍ № ̆ 0.5 kHz/cm2⌠30 kHz/cm2 ῤ

Ȃ 

Á ԍ5%Ȃ 

Á ҍ╠ ̆ Ҋ ⁞

Ḥ Ȃ 

2.1.3Ҭ ⌠ ̆ ҹ TOF҉ ѿ ҍ ᵣ Ҍ ̆

Ҭ׆ ⁞№ Ȃ ҩTOF ⅞№ҹ

̆ 3.1 ̆ ̆ ῍ 5 MRPC Ȃ

TOF MRPC4MRPC3b̆ ҹ0.5~1.5 kHz/cm2̆

ң ᴰ ᵬҹ ̆ ⁞

̆ ӊױ ≢ֽ ԍ ₮ ᾝ Ҍ ̆ ҹMRPC4β

Ҭ ̆ Ӟ ̆ Ḡ ╠ Ҋ ץ ̆

׆ ⁞ ̆ ⌠ Ȃᵝԍ TOF Ҭ

MRPC3a ̆ῒ 1.5~8.0 kHz/cm2

ӊ ̆ CBM ᵬ ᵬ̆ ᵞ ᵬҹ
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̂ 1.5.1̃Ȃᵝԍ ῤ MRPC2 ̆

ᵞ ̆ ῒ̆ ᵣ ₮ ᾝ Ӟ ԍ

MRPC3aȂᵝԍ ῤᶷ MRPC1̆ ῤ

20 kHz/cm2̆ ᵞ ⱴ ᵬҹ Ȃ 3.1Ҭ

ԅCBM-TOF ҩ MRPC Ḥ [60]Ȃ 

 

3.1  CBM-TOFҩMRPC ᵝ № ’̆ῒҬ Ҭ ₮ MRPC3a

֟Ȃ [60]Ȃ 

3.1  CBM-TOF MRPC Ḥ Ȃ [60]Ȃ 

 MRPC1 MRPC2 MRPC3a MRPC3b MRPC4 

̂kHz/cm2̃ 
20 ~ 70 8.0 ~ 20 1.5 ~ 8.0 0.5 ~ 1.5 0.5 ~ 1.5 

  ᵞ  ᵞ    

₮ ̂mm2̃ 472.4 944.8 2700 2700 5300 

 64 64 32 32 32 

̂m2̃ 1.28 15.74 48.23 16.63 49.71 

̂ҩ̃ 40 246 580 200 310 
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3.2   CBM- TOF MRPC  

TOF҉ MRPC №≢֜ CBM ᵬ ᵝ ̆

ᵝԍҬ 580ҩMRPC3a ֟ᴋⱵȂ

MRPC ̆ CBM-TOF MRPC3a

ΐᵣ Ȃ 

3.2.1   ⅎ ┼ MRPC  

[101] Ҭ R̆ieglerֲ ₮ԅRPC

№ ῖῈ ̔ 

  

( )

1.28
t
s =

-Ŭ ɖv
 

 

(3-1) 

ῒҬŬ ̆ɖ v̆ Ҭ Ȃ ̆

RPC № ֽҍ ҍ ῏Ȃ 

ҍ ң ⱴ ῏Ȃ׆ ̆

̔ң ӊ Ҭ̆ ⌠ ⱴ ꜚ

0
=T e Eŭz̆ῒҬ

0
e ᵝ ̆E ᵝ ̆ŭz ң

Ȃ ̆ №ꜚ ⁞ ӊ̆

ᵬ Ҋⱴ ̆ ⌠ Ȃ ҉ ̆ ‗

ԍ ҍ ᵣ ╠̆ ⱴ ̆ ῏Ӎ Ȃ [102]

Ҭ̆Lippmannᶏ MAGBOLTZ[103]ԅ ̆ 3.2(a)ԅ ‰

Ҋ₃ ᵣҬ ҍ ῏ ȂCBM-TOFᶏ 90% 

C2H2F4̆5% i-C4H10 5% SF6 ᵬҹ ᵬ ᵣ ῒ̆ № 3.2(a)

Ҭ ҍ ӊ ׆̆ Ҭ C2H2F4 i-C4H10

Ҋ̆ № 85% C2H2F4̆ 5% i-C4H10 10% SF6 Ȃ 

Ŭ ɖ№≢ ԅ ҩ Ҭ Ṑ

ᵣ№ ̆ Ӟױ ‗ԍ ᵣ Ȃ [102]₮ԅ

IMONTE[104] ̆ 3.2(b)̆ ‰ Ҋ̆ ̆

Ŭ ⱴ ɖ⁞ ̆ ᵌ Ȃ ⁞ ⌠ =Ŭ ɖ ̆

ҌῬ Ȃ 

҉̆ ӈ № Ӟ ֽҍ ȁ

ᵣ ῏Ȃ CBM Ҭ̆ ᵬ ᵣҹ ‰ ҊC2H2F4/i-

C4H10/SF6 ̆ ץ 3.2Ҭ ̆ ⌠ № ҍ
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῏ Ȃ 3.3 ̆ № ԍ Ȃҹԅ ⌠CBM-

TOF 60 ps № ̂ Ҭ ₮̃̆ ҩ Ҭ

⌠100 kV/cmȂ 

 

3.2  (a) MAGBOLTZ[103] ⌠ ҍ Ҍ ᵣ

Ҭ ῏ ̆ ҹC2H2F4/i-C4H10 ᵣ ̆ ҹC2H2F4/i-

C4H10/SF6 (96.9%̆3%̆ 0.1%) Ȃ (b) IMONTE[104] ⌠ /

ҍ ῏ Ȃңҩ Ҭ ᵣ ҹ296.15 K̆ ҹ1013 

mbarȂ [102]Ȃ 

 

3.3  ₮Ҍ Ҋ № Ȃҹ Ҭ

₮CBM-TOF 60 ps̆MRPCҩ ᵬ 100 kV/cmҊȂ 
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3.2.2   ┼ MRPC  

[101]Ҭ̆ ₮ԅ

Ὲ ̔ 

  
1

1

0

1 1

å õ
- -æ ö
ç ÷

å õ-
= - +æ ö

ç ÷

ɖ d
Ŭɚ

Ŭ ɚ W

t

W

V Ŭ ɖ
Ů e Q

E e
 

 

(3-2) 

ῒҬ Ŭ̆ ɖ№≢ ̆ ҉ѿ Ҭ 100 

kV/cm3.2 ̆ ץ ⌠ 120ºŬ  /mm̆ 10hº  /mmȂd

̆ɚ ף̆ Ҭ ң∆ ̆ҍ

ᵣ ᵣҬ ( )
p
ů ɓ ῏̔ 

  
1

( )
=

A p

A
ɚ

ɟN ů ɓ
 

 

(3-3) 

ῒҬ A ɟ№≢ ᵣ Ȃ [102]Ҭ ₮ԅ≠ HEED[105]

⌠ ҈ ᵣ Ҭ῀ ̆ 3.4 ̆

ԍᾣ ̆ɚ 0.1 mmȂ 

 

3.4  Ҍ ᵣ №Ҭ̆ HEED[105] ⌠ ῀ Ҭ ∆ ҩ

̂ ɚ ṕ ̃ҍῒ ῏ Ȃ Ҭ ᵣ ҹ296.15 K̆ ҹ

1013 mbarȂ Ҭ ҹ Ȃ [102]Ȃ 

(3-2)Ҭ
W

E ᵬ ̆ Ҍ ѿҩ ̆ ѿҩ
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₮ ᾝ҉ ל
W

V ̆ῒז ᾝ ̆ Ҭ Ȃ
W

E

₮ ᾝ
W

V ҉ Ḥ ̆ Ҋ̆ ѿ ₮ ҉

₮ Ḥ ҹ̔ 

  

0
( )( ) = W

W

E
i t ve N t

V
 

 

(3-4) 

Ҭ v ̆ ( )N t t ┴ῤ Ȃѿ
W

V ҹ 1 

V̆ ҉ Ҭ ₮
W

E ̆ ‗ Ḥ Ȃ ԍ

̆ ҍ ל ῏ ҹ̔ 

  

2
=

+

W r

W r

E Ů

V b dŮ
 

 

(3-5) 

ῒҬ̆
r
Ů ׃ ̆bҹ ̆ ԍCBM ᶏ ᵞ

̆ ‰ṿ№≢ҹ8.50.7 mmȂ 

Ὲ (3-2)Ҭ ѿҩ
t

Q ῀Ḥ ṿ̆ ԍCBM Ҭ

ᶏ PADI╠ [106]̆ ҹ30 mV/fC̆ Ҭ

ῖ ṿҹ300 mV̆ ⌠ 10 fC =
t

Q ҍѿ Ҭ ṿ

Ȃ 

҉ ῀ף (3-2)Ҭ ̆ eֽ d ῏Ȃ

ҹ MRPC ҩ ץ ̆
MRPC
Ů ҍ e ҩ

n Ҋ῏ ̔ 

  
1 (1 )= - -n

MRPC
Ů Ů  

 

(3-6) 

MRPC ҹ100 kV/cm╠ Ҋֽ̆ ҍ

ҩ ῏Ȃ 3.5 ԅ Ҍ Ҋ̆ ҩ ’Ȃ

̆ ԍ ҍ ᵬ׃ ᵣ ᵬ

̆ ԅῒ ῤ ̆ 100% ⌠ Ȃᵖ

̔ ᶏ

̆ ⱴԅ ̆ Ӟⱴ ԅTOF

̕ Ҭ ᾣ ⱴ ᶏ̆ ⱬҊ ̆

ҹԅ ҬḠ ̆ ң Ḡ Ӟ̆ᴪ

Ȃ ̆ ҩ ╠ Ҋ̆

̆ 3.5Ҭ8 0.25 mm ̆
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ṿ ⌠100%̆ ҩ Ḡ ῤȂ 

 

3.5  (a) 100 kV/cm Ҋ̆MRPC ҍ ҩ Ҍ Ҋ ῏

Ȃ(b) (a) Ȃ 

 

3.6  ᵬ 100 kV/cmҊ 8 0.25 mm MRPC ҍ

Ҍ ӊ ῏ Ȃ 

Ҭ̆ ҩ MRPC ΐ Ҍ

̆ ҹ └ᵬ Ҭ ң ₮̆

ᴪ֟ Ҍ ̆ ̆ ῒ

№ Ȃ ᴰ Ὲ ̆ ₮ ȹ
MRPC
Ů ҍ Ҍ

ȹdӊ ῏ ̔ 
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( )ȹ ȹ
( )

å õ
= - Ö + Ö + Öæ ö

+ç ÷

n
nwd Ŭɚ

MRPC

v
Ů n e u vd w d

Ŭɚu vd
 

 

(3-7) 

ҹԅ ̆ Ҭ ŭ v w№≢ҹ̔ 

  

0

2
1

-
= +

t

r

b Ŭ ɖ
u Q

Ů e
 

 

(3-8) 

  

0

-
=

t

Ŭ ɖ
v Q

e
 

 

(3-9) 

  
1

1
å õ

= - -æ ö
ç ÷

ɖ
w

Ŭ ɚ
 

 

(3-10) 

100 kV/cmҊ ṿ̆ץ ҩ 8 0.25 mmף

҉ץ῀ ̆ ҍ Ҍ ῏ 3.6 Ȃ

῀ ̆ ᶏ ⌠ ṿ 0.25 

mm̆ Ӟ 0.4%ȂMRPC ῍ ‗ ̆

╝ ԅ ꜚ ῀ Ҍ Ȃ 

3.2.3   ┼ MRPC  

CBM-TOF ԍ5%̆ ѿҩ Ԋᶛ̆ Ҍ

ᵣ 5%Ȃ ⌠ ̆ ץ └ ₮ ᾝ Ȃ

MRPC3a ‗ԍῒ ᵞ ̆ 1.2Ҭ

̆ 30Ĭ30 cm2 Ȃ ҹ Ḥ ֽ ₮ ῒ ᵝ

ᾝ ̆ Ӈ ₮ ᾝ Ҍ 45 cm2Ȃ ҹMRPC3a

ҹ̆Ḡ ΐ ѿ ᵝ № ⱬ̆ ᵬҹ ₮ ᾝ

̆ ԍ ҉ ץ ᵝ ̆ ₮̆

ѿ ң Ḥ ̆ Ӟ ⌠₯Ҭᵝ Ȃҹ ῃ

̆ ₮ ԍ 30 cm̆ Ӈѿ ₮ ̂ ҉

ҍ ӊ ̃ Ҍ 1.5 cmȂ 

’Ҋ̆ Ӟ ᴪ ₮ ҉ ₮Ḥ ̆ ӈ

ҹ ∆ ₮ ᾝҩ ̆ ҩ ₮ ᾝ ᵣ Ῥӗץ

ҹ Ȃ Ҭ ȁ Ḥ ₮ ӊ
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ұ ῀ Ȃ 

Ҭ ԅ ᵬ Ҋ ᴪ̆ ҹ ꜚҍ ᵣ

↕ ̆ ҉ ҹ Ȃ [102]₮ԅ Ҋ

l № ̔ 

  
0

( )1
exp

2
( )

å õ-
= -æ öæ ö

ç ÷

2

T 2 2

T T

r r
ű r, l

D l D l
 

 

(3-11) 

ῒҬ
T

D ҹ ӈ ῒ̆ҍ
T

D № ‰
T
ů

῏ ҹ̔ 

  
2 2=

T T T D T
ů D t = D l / v = D l  

 

(3-12) 

3.7 ԅ Ҍ ᵬ ᵣҬҍ ῏ ̆

ӈҹ ҍ ṿȂ ԍCBM ᶏ ᵣ̆ 100 

kV/cm Ҋ̆ ҹ100 ɛm/cm̆҉ѿ Ҭ ⌠ ҹ

0.25 mm̆ ᶏ ԅ ҩ ̆ Ӟֽ 2.5 ɛm̆ ԍ

₮ ᾝ ₃ᵥ ̆ ץ Ҍ Ȃ 

 

3.7  MAGBOLTZ[103] ⌠ ҍ Ҍ ᵣ

Ҭ ῏ Ȃ Ҭ ᵣ ҹ296.15 K̆ ҹ1013 mbarȂ [102]Ȃ 

Һ ‗ԍḤ Ὲ̆ (3-4) ₮ ҍ ℗ ῏Ȃ

ԅ ҍ MRPC3aɜ FOPI MMRPCᵬҹ Ȃ

ΐ 0.22 mm̆ῒ ₮ ҹ1.64 mm̆ ҹ0.9 mm[107]Ȃ
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Ҭ̆ ⌠ ₮ № 3.8(a)̆ ṿ

ҹ 4.2̆ ҩ ∆ ᴪ 4ҩ ₮ ҉֟ Ḥ ̆ 3.8(b)ԅ ѿ῏ Ȃ

ץ ₮ Ḥ̆ ѿҩ 10~12 mm̆ ҹԅ⁞

̆ Ӟҹԅ ᵝ № M̆RPC3a₮ ᾝ

ҹ10 mm̆ ῒ ҹ1/30̆ 5% ץ

ṿҹ1.5Ȃ 

Ҍ ₮ ӊ ᴪ₮ ұ ̆ ұ ᴪ⁞ Һ ҉ Ḥ ̆

Ḥ ̆ ұ ᴪ ⱴ ̆ ᵞԅ ұ̆ ᴪ

ᵝ № ̆ CBM Ҋ̆ ᴪ ⱴ

Ȃ Ḡ ₮ ΐ ѿ ╠ Ҋ̆ ⁞ ұ ̆ ԍ

ҹ10 mm ₮ ᾝ̆ 3 mm ץ ᵞ ҍ ӊ ұ [24]̆

₮ ҹ7 mmȂ 

 

3.8  (a) FOPI MMRPC₮ ҉ ̆Ҭ № ṿҹ

4.2Ȃ(b) Ḥ ҍ ₮ ᵝ ῏ ₃ᵥ Ȃ [24]Ȃ 

3.2.4   MRPC  

̆ ⌠ԅMRPC3a ̆ 3.2 Ȃ ԅ╠҈ Ҭ

ȁ ȁ ₮ ̆▼ᵩ ̔ ԍ

֟ ̆γ ֟ ҹ330Ĭ276 mm2 M̆RPC

’Ҋ ̆ ҹ360Ĭ338 mm2̆ ҹ ₮

ҹ ᵣ ̆ ῒ 270 mmҹ ԍ ̆

̂ ̃ ₮ ῒ ҹ32Ȃ 3.2

Ҭ ‗ Ȃ ѿ

ΐᵣ Ȃ 
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3.2  CBM-TOF MRPC3a  

 ṿ 

̂mm2̃ 360 Ĭ 338 

̂mm̃  26 

̂kg̃ 3.3 

̂mm2̃ 

 

̂mm̃  

₮ ̂mm̃  

₮ ̂mm̃  

330 Ĭ 276 

2 Ĭ 4 

0.25 

7 + 3 

270 

₮  32 

ᵬ ̂kV/cm̃ 110 

 

3.9  MRPC3a ԋ ҈ ╩ Ȃ 
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3.9 M̆RPC3ar҉ ҹ ̆ 8ҩ № ң ̆

ңҩ 4 ⱴ ѿ Ȃ ҩ Ҭ 5 ᵞ

̆ῒ ᶏ ҹ 0.25 mm ̆ҹ ѿ

Ḡ ̆ѿ ñZò Ȃ ҩ Ҭ5 Ҭ ᶷ

ң ̆ ץ Ȃ ᴨל

ԍ ᵞ ̆MRPC3a ң ҹÑ5500 V̆ ҹ ⌠

↕ ѿṐ̆ ⱴԅ Ȃ PCB₮

ӊ ң Mylar[108]̆≠ Ḥ

₮ ȂPCB Һ ⱳ Ҭ Ḥ ̆ ҹ ң ⱴԅ

̆ ץ ₮ ѿ №Ḥ ̆ Ȃ

ҩ ᵬ ̆ PCB № ̆

Ӟ ԅ ̆Ḃԍ CBM-TOF ҬȂ 

 

3.10  MRPC3a₮PCB Ȃ(a) PCBȂ(b) Ҭ PCBȂ

Ҭ ₮ ҹ̔(1) 32 0.7 mm̆ 0.3 mm ₮ ̕(2) D ̕

(3) / ̕(4) ̕(5) ̕(6) ̕

(7) ̂ ̃̕ (8) / Ḥ ᴰ ̕(9) 200 kɋḠ ̕(10) 2Ĭ9Ḥ ₮

Ȃ 

Ҭ̆ PCBḤ ₮ ԅ ᴨ ȂMRPC3a

3ҩPCB 3.10 ̆ῒҬ ҍ ԅ ̂ 3.10(a)̃,

ҹң ̆ ѿ ҉ 32 270 mmȁ 0.7 mmȁ 0.3 

mm ᵬҹ ₮ ᾝ̆ ₮ ҍ Ȃ ₮ ң

ᴰ Ḥ ᴰ ⌠ Ṣ̆ ҈ ᴰ Ҭ Ḥ̆

ῤ ԅ ̆ ̆ ҉ ԑ ̆
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₮ ҍ Ȃ 3.10(b) Ҭ ҹ҈ ̆ ₮ Ҭ

҉̆Ҋ ↕ ԅ ȂҬ Ḥ ̆

Ḥ ѿ ₮⌠ҍPADI 2Ĭ9Ḥ ҬȂ ӊ╠ Ḥ ₮

Ҭ̆ №Ḥ ׆≢№ Ҭ ₮̆ Ḥ ᴰ ⌠

̆Ῥҍ Ḥ ѿ ₮Ȃ ӊҊ̆ ⌠Ҭ ̆ῃ

Ҭ ₮ ԅ ῀ ᴰ ̆ ѿ ԅ

№ ⱬȂҹԅḠ ̆ CBM ᵬ Ḥ ӊ

ԅ200 kɋ Ḡ Ȃ 

 

3.11  (a) MRPC3a Ȃ(b) Ԑ ֟

MRPC3a Ȃ 

̆ Ԑ ֟ ԅ ѿҩMRPC3a

̂ 3.11̃̆ῒ└ᵬ ҍ Ҭ3.4.1Ҭ ΐᵣ׃ ֟

̆ ҌῬ Ȃ 

ҹ CBM ̆ ҍ ̆

↕ Ҍ ᴪ֟ Ḥ Ȃ ҹCBM ῃ ֟ Ḥ

̂ ̃̆ Ḥ ֟ ̆ ̂DAQ̃

Ữ Ȃ MRPC ҍ ץ ₮ ̆ᵖ

╠ ῀ ⌠ ԍ Ȃҹ ױ

ᶏ ԅ TekronixDSA8300ұ № [109]

̆ ԍ ̔ ᾢ ₮ѿҩ Ḥ ⌠ ת Ḥ̆

Ҍ ̆ ץ Ḥ №≢

Ҍ ᵝ ῒ Ȃ 3.12 ԅ ₮ 100 

ɋ ̆ ץ ⌠ № ṿҍ ṿ

̆ ₮ ҹ59 ɋ̆ PADI Ӟ ҹ ṿ̆
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῀ Ȃ 

 

3.12  ≠ Tekronix DSA8300ұ № [109] MRPC3a₮

Ȃ Ҭң ₮ ҹMRPC3a₮ №Ȃ 

3.3   MRPC  

 

3.13  CBM ROOTῤ ┴ № Ȃ 

ҹ MRPC3a ̆ ԅѿ ↓ [110]Ȃ

┴ № ԍCBM ROOT̆ 3.13 ԅΐᵣ Ȃ׆DAQ
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Ҍ ԍ ̆ ҹ № Ȃ MRPC3a ҹ

̂DUT̃̆ ҉ ѿ MRPCᵬҹ ̂REF̃̆

̂T0̃ ̂ ҹ ↨ ̃ҹBREF̆DUT ⁞

REFҹ ̂TOF̃Ȃ ҩ Ạ ץ

̆ ̔ 

ѻ ̔ 

̆ ᶏ Ḥ Ҍ‰ Ȃ№ Ҭᶏ

̂TOT̃ף Ḥ ̆ ѿ Ḥ TOT ṿ ҉

ṿ̆ ⌠ Ȃ ᵬ ԍTOT̆ҍTOF῏ֽ̆

ѿ Ȃ ᶏ TOTḤ ̆ ᵝ Ȃ 

ѻ ₮ ᵝ ḱ ̔ 

₯Ҭ ᵝ ₮ ң ṿ ₮ Ҍ̆

ᴪ ₯Ҭᵝ Ẓ Ҥ̆ ᴪ ₮ Ȃ

ѿ ₮ ҉ ⌠ ₯Ҭ ᵝ ᵬҹḱ ̆ ₯Ҭ № №

ῤ̆ӊ ₯Ҭ ₮ ᵝ Ȃ 

ѻ ̔ 

Ҭ TDC Ḥ ╠ Ḥ ╠ ̆

≢ ṿ ̆ ҍ ꜚ̆ MRPC

№ Ȃ ꜚ ҍḤ ῏̆ 3.14 ̆ ԍң

Ḥ ̆ Ҍ ֟ ԅҌ ꜚ̆ TDC ╠

Ҍ ȹŰȂ ҩ Ḥ Ȃ 

 

3.14  Ḥ AҍḤ Bΐ ̆ ҹḤ Aΐ ̆

ṿ̆֟ ԅ ╠ ȂңḤ ӊ ԅȹŰ ꜚȂ 
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ᵬ₮ TOFҍ TOTԋ № ̂ 3.15(a)̃̆ ᶏ ṿ

TOF ṿҍTOT₱ ῏ ̆ ṿᵬҹḱ ᵬ ԍTOF̆

ῒҌῬҍTOT῏̆ 3.15(b)Ȃ 

ѻ ̔ 

Ҍ № ̆ 3.15(c)Ȃ REFҍ BREFӊ

ῒ̆ ף ḱ̆ TOFפῒҌῬҍTREḞT0

῏̆ 3.15(d)̆ ѿ Ȃ 

 

3.15  (a) ҍ ῏ № Ȃ(b) 

ҍ ῏ № ̕(c) ҍ ῏ №

Ȃ(d) ҍ ῏ № Ȃ 

ᵝ ḱ ȁ ҈ ᵬ ԍ TOFḤ ̆ ף

̆ TOF№ ҌῬ ѿ Ȃ TOF№ № ̆

‰ ҹ DUT REF № ̆ ҹ № ṿ ҹ

60 ps̆ Ẋץ ң № ̆ ץ 2 DUT № ȂDUTȁ

REFBREF ₯ҬԊᶛ ҉ֽ REFBREF Ԋᶛ ҹDUT

Ȃ 
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3.3.1   2014/10 GSI  

MRPC3a ⱴԅ201410 GSI SIS18ⱴ ҉ Ȃ

ᶏ 1.1 AGeV152Sm ̆ №≢ҹ5 mm/4 mm/0.3 mm̆

ᵝ ₃ Hz/cm2 Ȃ 3.16

̆ ₃ᵥ῏ CBM-ROOT ̆ ҹ┴ ᶫ ԑᵝ

῏ Ȃ MRPC3aѿ ⱴ ῒז ̔BUC-2013

BUC-Ref̆ ֒ ⱴּי ҍ ҹҬ

MRPC2Ṝ [111]̕HD-P2 └

ᵞ MRPC4Ṝ [112]Ȃ №ҹ҉ȁҊңҩ №̆

MRPC3aHD-P2β ԍҊ ╠̆ ң PMTֽ Ạ ӊ Ȃ ↨

ԍ ╠̆ҹ ᶫ T0Ḥ ̆ṿ ↨

ᶫ Ḥ ֽᵬҹԊᶛ∞ ᶭ Ȃ ῤ Ҭ̆

MRPCᶏ ╠ ҹGSI PADI [106]Ȃ 

 

3.16  CBM-ROOT 2014/10 GSI Ȃ 

№ Ҭ̆ MRPC3aҹDUT̆ ѿ HD-P2ᵬҹ

REF̆BREFҹ ↨ ̆ ┴ ̆ ⌠ 3.17 № ̆

‰ 68.86 psҹ DUT REF № ȂẊ MRPC3a

HD-P2 № ̆ № ץ 2 ⌠ ṿ48.7 psȂ 

PADI╠ mV⌠200 mV 170׆ ҩ ṿ ԅ

Ȃ 3.18(a)ԅ № ṿ ’̆ ṿ ץ

̆ ῒ ῀ Ҍ ̆ Ҭ № ⁞ ̆ל ᵣ
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50 ps Ȃ ṿ ѿ ᴪҡ Ḥ ̆ ҹ 3.18(b)

ᵞ̆ ṿ Ḡ Ȃ҉ץ96% 3.18(c)Ҭ ṿ ҹ 1.6̆

ҍ3.2.3Ҭ׃ ṿ1.5 Ȃ 

 

3.17  Sun1205 ┴ № ⌠MRPC3a HD-P2

№ ҹ68.86 psȂ 

 

3.18  MRPC3a PADI╠ ṿ Ҭ Ȃ(a) №

̕(b) ̕(c) Ȃ 

3.3.2   2015/02 SPS  

CERN SPSⱴ ҉ Ҭ ᶏ̆ 13 AGeVAu ̆

ҹ3 mm/2 mm/1 mm̆ ԅ ̆ ⌠ԅ1 kHz/cm2 Ȃ

ⱴԅ ̆ 3.19 ̆ MRPC3a ȁ

ⱴּי ң ᵝ MRPC ̆ Ҭ ̆

MRPC3b Ṝ [113]̆ ῤ ̆
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₮ THU-PadȂ №ҹ҉Ҋң №̆ ᵝԍ CBM-TOF

ᶷ Ҭ MRPC ῃ ҉ ̆ ῤ Ҋ Ȃ 

 

3.19  CBM-ROOT 2015/02 SPS Ȃ 

Ҭ̆ ҹ ↨ ҳ ̆ ┴

MRPC3aѿ ҉ ңҩ H̆D-P2 USTC̆№≢ᵬҹREF BREFȂ

ҹ ↨ ҍ ҩMRPC ױ ԑӊ ̆ᶏ USTCף

↨ TREḞT0 ṿ ̆ ῏ ᵬ ̆№

⌠ ⌠ MRPC3a/HD-P2 № Ӟ ҹ100 psȂҹᴨ ┴

̆ ̆ ҉ 4ҩ Ҭ̆ ₯Ҭ ᵝ ῏

̆ ꜛḱ DUTҬ ₯ҬḤ ̆ № ҉ ԅ 10⌠ 20 psȂ ̆

DUT₯Ҭ̆ ץ ⌠ῒ Ȃ 

3.20 ԅ Ҭ̆MRPC3a Ҍ Ҋ ṿ

№ ’Ȃ ҉ 1 kHz/cm2 Ҭ ₮ Ҋ ̆

Ȃ300 Hz/cm2҉ץ97% 600 Hz/cm2Ҋ ṿẒᵞ̆ ҹ

̆ ᶏ Ȃ № Ӟ ҍ

῏  ̆ 3.20(b)Ҭ ῀ ԅ№ ⌠

№ Ȃ Ẋ DUTΐ REF № ̆ Ҭ №

MRPC3a № 60 psץҊȂ 
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3.20  MRPC3a Ҍ Ҋ Ȃ(a) ̆Ҭ ң

ҹῒ ̕(b) № ̆ᶏ ⌠ Ȃ 

3.3.3   2015/11 SPS  

 

3.21  CBM-ROOT 2015/11 SPS Ȃ 

201511 SPSⱴ ҉ ԅѿ ̆ ҹ30 AGeV

Pb ̆ Ȃ Ҭ ҹ ̆ ⌠10 kHz/cm2̆

ѿ ⱴ ̆ ╕ ₮ԅ CERN

ῃ ‰̆ ҹ SPS ṿȂ 3.21 ̆

ԍ2 ᴍ ̆ ̆ ⱴ῀ THU-SMRPCҹ
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₮ MRPC ̆̓͂ ԍ ҍ 5.6.2

Ҭᵬ ׃ Ȃ 

Ҭ ↨ ԅᶏ ̆ᵬҹ № BREF̆REFׅ ҹ

HD-P2Ȃ 3.22Ҭ ₮ԅ Ҭ ῃ ץ

PADI ṿ̆ ῒ № ̆ №

ԅ ṿ ’Ȃ ‰ ᵬ ̆

̆҉ץ97% № ₮ ̆ל ⌠ԅ 85 

ps № ̆ ҹ ҬҌ ᾧ ̆ ̆ ᵬ

ѿ ᴪ ҹ ̆ ѿ ᵬ

̆ ᴪ ԍ Ȃ 

 

3.22  Ҭ /ṿ MRPC3a/ № Ȃ 

 

3.23  MRPC3a ȁ № Ȃ(a) ̕(b) 

PADI╠ ṿ Ȃ 
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׆ 3.22Ҭ ₮ 3.23 ṿ Ȃ ‗

ԅ ̆110 kV/cmҊ ῀ ̆ ⌠97%Ȃ

̆ ῒ ̆ ̆ ᵬ

ҍHD-P2 № ҹ85 ps̆ ץ 2 MRPC3a

№ ҹ60 psȂ ⱴ ѿ Ӟ ԅ ₮ ҉ Ḥ

̆ᵣ ҹ ⱴȂ ṿ ҍ GSI ѿ ̆

ṿ ץ № ̆ᵬҹףᴇᴪ ѿ №

Ȃ ‰ ᵬ ҹÑ5500 V400 mV PADI

ṿȂ 

MRPC3a ҈ Ҭ ׆̆ № Ҭ ῒ Ḡ

ԅ97% ᵞԍ60 ps № Ȃ ṿ 110 kV/cmҊ

̆ ԍ3.2.2Ҭ 100 kV/cmҊ 100% ṿ̆ ҍ Ҭ

῏̔ Ҭ ⌠ ṿ̆ ᴪҍ ⌠ ṿ ̆

Ẽ ᴪ ᵞ ṿ̆ ҹ

₃ᵥ῏ ̆ ң ₃ Ҍ ̆

ᵞ̆ ₮ Ԋᶛ Ӟᴪ ҹ

ᵞȂ97% ׅ CBM ӊ҉̆ῒ ᴨ ⌠

ԅCBM ᵬ ᶏ̆ῒ ᴧ Ṝ Ҭ ҹ ѿҩ

ҹ ѿ MRPC Ȃ 

3.4   MRPC ֥ғ  

MRPC3a ᶏ FAIR 0 ⅞ ץ C̆BM

⅞ 2018 ѿ 76 MRPC3a ֟̆2.3 Ҭ ⌠ 48

RHIC-STAR Ҭᵬҹ ̆ῒᵩ 25

↕ mini-CBM Ҭ TOF ̆▼ᵩ 3 ҹ Ȃᵬҹ

֟ ᵞ MRPC ̆ ֟

Ạ Ḡץ̆ Ҭ Ḡ

Ȃ 

3.4.1   MRPC3a ֥  

MRPC3a ֟ῃ Ԑ ֟ ‪ ῤ̂100k̃ Ȃ

ҹḠ ֟ ̆└ ԅ ‰ ֟ ̆ ԍ 3.24Ȃ 
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3.24  MRPC3a ֟ Ȃ 

 

3.25  ֟ Ҭ ῏ ̔(a) PCB ҉ ҍ Ȃ

(b) PCBҬ ҉ ҍ Ȃ(c) 

Ȃ(d) ҉ Ҭ MRPC ̆ ⌠ ҉ Ȃ 
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3.3  MRPC3a└ᵬ  

 /mm /mm /mm   

ᵞ  330 Ñ 0.2 276 Ñ 0.2 0.7 Ñ 0.02 10 ~ 2Ĭ1010 ɋcm 

 324 Ñ 0.5 270 Ñ 0.5 0.005 4 < 10 Mɋ/sq 

PCB  360 Ñ 0.2 338 Ñ 0.2 0.8 Ñ 0.05 1  

PCB  360 Ñ 0.2 338 Ñ 0.2 0.8 Ñ 0.05 1  

Ҭ PCB  360 Ñ 0.2 338 Ñ 0.2 1.6 Ñ 0.05 1  

 333 Ñ 1 310 Ñ 1 6 Ñ 0.2 2  

Mylar 340 Ñ 0.2 286 Ñ 0.2 0.25 Ñ 0.02 8  

 50 50 0.13 Ñ 0.02 / ~ 100 kɋ/sq 

A  23 Ñ 0.2 10 Ñ 0.2 4 Ñ 0.05 4 PTFE  

B  14 Ñ 0.2 10 Ñ 0.2 4 Ñ 0.05 4 PTFE  

 26000 0.25 + 0.005 / / Nylon 

 1000 3 / 3  

M2.5 /  40 2.5 / 32  

M4 /  40 4 / 16  

2Ĭ9  / / / 16  

 19 0.6 / 100  

Ḡ  / / / 128 200 kɋ 0603 

3.3 ₮ԅ└ᵬ MRPC3a ̆ ӊ╠ ᾢ

‰ ᵬȂ ҩ 10 ᵞ Ҭ 4 └ ҹ

̆ 4- -2- ╕Ҭ ̆

╕ ̆ ̂ 3.25(c)̃Ȃᶏ └ ᵝ ̆

PCBḤ ₮ Ȃҹԅ PCB ҉ ₮ ҍ ҉ ̆ῒ

ң Mylar ץ̆ ҉ ҍ ₮

ȂMylar ҉ PCB ᵝ ₮ Ȃ

Ҭ Ҍ ̔ ԍ PCB ̆ PCB Mylar

̆ ҉̆ 3.25(a) ̕ ԍҬ

PCB ̆ῒ ̆ Mylar ῤ ᾟ ̆

PCB ̆ Ҭ PCB ҉

̆ 3.25(b) Ȃ׆ ̆ ץ
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ᵝ ̆ ҉ᶭ ҈ ̆ Ҭ

̆ ѿҩ Ȃ ԋҩ Ȃ 

3.4.2   MRPC3a ‼ 

ҹԅḠ ֟ MRPC3a ̆ ֟ ԅ └ Ȃ

╠̆ ῏ ᵬ̆ 3.4 ץ̆ Ḡ

ῤ̆ғ Ҍ ̆ ⌂ ȁ ȁ ȁ € Ȃ

ҹ῏ ᵞ ̆ ԅ ̆ ѿ

±6000 V Ҋ ᵞԍ 80 nA ̆ ↕ ῃ Ҍ ⱴ

MRPC ֟Ȃ 

 

3.4  MRPC3a ‰  

 ‰  

ᵞ  

<¤0.2 mm̆ <¤0.02 mm  

⌂ ȁ   

¤6000 VҊ < 80 nA  

PCBḤ ₮  

<¤0.2 mm̆ <¤0.05 mm  

⌂   

̆Ḡ ṿ  ҆  

 
<¤1 mm̆ <¤0.2 mm  

⌂   

Mylar 
<¤0.2 mm̆ <¤0.02 mm  

⌂ ȁ   

 
<¤0.02 mm  

 ~ 100 kɋ/sq ת 

 
̆ ⌂ €   

 < 10 Mɋ/sq ת 

 <¤0.005 mm  

Ҭ̆ ԅҤ └ ᴆ ῏ ̆

Ȃ ᴪ ᵞ MRPC № ̆

ᴪ ᶏ Ȃ Ҍ ̆



3   ԍ CBM-TOF MRPC└  

 50 

₮ȁ ⱬҌ ȁ Ҋ PCB Ȃ PCB ӊ

ᴰ ̆ ̆ PCB ӊ

±0.2 mmץῤȂ ̆ Ӟ ̔ ᶏ

1 mm̆ӞҌ Ḡ 4ҩ № 0.25 mm̆Ῥ PCB

Ҍ̆ ‰ ף ῤ Ȃҹ ‗ ̆

Ҭ ԅ ̆ 3.26 ̆

ץ ⌠ 5 ᵞ 4 ҩ ̆≠ ≢ⱳ

‰ ̆ ∞ ῒ Ȃ 

 

3.26  ⌠ MRPC Ἕ̆ Ȃ 

MRPC3a Ҥ Ҋ ̆ 3.27

ҬȂ ҉ ԋ ̆ -CBM ᵬ

http://hepd.ep.tsinghua.edu.cn/CBM_TOF/̆ ῃ Ȃ 

http://hepd.ep.tsinghua.edu.cn/CBM_TOF/
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3.27  MRPC3a-36 ֟ Ȃ 

3.5   ֥ MRPC  

3.5.1    

ҹ Ḡ ֟₮ MRPC3a ῀ Ҭ ֟₮

̆ ῒ Ȃ ̆≠ GSI

ððPADI╠ [106]ȁTRB [114] FPGA ̂TDC̃[115]̆ ԅ

/ ̆ MRPC3a ֟ ̆ ῒ ᵬ

Ȃ 

MRPC ID

12# 151219 6

24# 151219 4 (electrode)

Point 1 Point 2 Point 3 Point 4 Point 5

3 2 3 1.5 2

2 2 1.5 2 3

1.5 1.5 1.5 1.5 1.5

1.5 1.5 1.5 1.5 1.5

 / Honeycomb

PCB҉Ҋ  / Top & Bottom PCB

Ś
 /

Unqualified
0

Ś
 /

Unqualified
0

Ś
 /

Unqualified
0

Mylar  / Mylar

PCB҉Ҋ  / Top & Bottom HV

PCBҬ  / Middle HV

 / Spacer

 / Thickness  1  2  3  4  5  6  7  8

҉ҊPCB / Between Top & Bottom PCB 11.86 11.68 11.86 11.96 11.78 12.09 11.81 11.72

҉ҬPCB / Between Top & Middle PCB 5.14 4.96 5.21 5.07 4.93 5.19 4.87 4.87

ҊҬPCB / / Between Bottom & Middle PCB 5.19 5.01 5.03 5.24 5.13 5.13 5 5.08

 / Total Thickness 26.37 25.93 26.31 26.24 26.06 26.5 26.04 25.74

 1  2  3  4  5  6  7  8

0.276 0.276 0.256 0.276 0.276 0.256 0.256 0.276

0.276 0.276 0.257 0.276 0.256 0.276 0.256 0.276

0.276 0.276 0.276 0.256 0.276 0.276 0.256 0.256

0.256 0.256 0.256 0.256 0.276 0.256 0.276 0.256

ֲ  / Signature

 / Date

16ҩ ҍ <6.7mm /

Thickness of the connectors

Ś

Ś

Ś

 / Surface Resistance (Mɋ/sq)

1 / Electrode 1

2 / Electrode 2

3 / Electrode 3

4 / Electrode 4

Ś

Ś

 / Note

2017-12-6

Ҋ  / Bottom Stack ҉  / Top Stack

 / Gas Gap Thickness

֦

MRPC ֟  / MRPC3a Quality Assurance Table
MRPC3a - 36

 / Electrode

ҍ  / Glass Batch No.

PCBҬ  / Middle PCB

ҍ  / Glass Batch No.

ҍ  / Glass Batch No. / Glass

Ś

Ḡ  /

Protection Resistor

 / Connector

ᶷ64 Ḥ ҍ ӊ ҹ100kɋ /

Resistance Measured on Outside Resistor

ῤᶷ64 Ḥ ҍ ӊ ҹ200kɋ /

Resistance Measured on Inside Resistor

/Amount

/Amount

/Amount



3   ԍ CBM-TOF MRPC└  

 52 

 

3.28  ᶏ GSI / Ȃ 

3.28 ԅ / Ȃѿ

3ҩ MRPC3a ̆ ԍ └ Ҭ̆ ᵬ ᵣҹ 90% C2H2F4̆

5% i-C4H10 5% SF6 ᵣ Ȃҹ ᾧ Ḥ ᴰ Ҭ Ҍ

֟ P̆ADI ᾢ ҉ȂPADIᾢ

MRPC Ḥ ̆ῬẠ ≢̆ ₮ Ḥ ҉ Ḥ

ᴰ῀ FPGA TDCҬȂTDC Ḥ ╠ ̆ TOT

ԍḤ ̆ ҩ TDCῤ 200 MHzḤ Ȃ ҩ

ᵝԍ ҉ Ҋ ң PMT ᶫ̆ ᵣ ҹ 20×5 cm2̆ ₮

̆ Ḡῒ ԍ ӊῤȂң PMTḤ ≢

Ạҍ ̆ Ḥ ῀ TRB TRBDIST2 №̆ №

ҩ TDCȂTDCᴪ ╠ 300 ns ῤ ₯ҬḤ ᴰ

TRB̆ Ḥ Ώ῀ Ҭ DAQ ᴆῤȂPADI TDC

῀ ꜚҹ 27 ps[60]̆ ҹ CBM ҬӞ ᶏ ̆

60 ps № ԅ ꜚ ̆ ץ

Ҭ Ạ Ҭῒז ѿ ̆ Ҍ № ׆

№ Ҭ Ȃ № ҍ 3.3 Ҭ ѿ

̆ ԍ CBM-ROOT ̆ ₃ᵥ ḱ

Ȃ 

3.5.2    

֟ MRPC3a ԅ ̆ ԍ Ḡ
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̆ ץ Ȃ 72 

L 60 mL/min ҹ̆ԅ֜ 3~5Ṑ ᵣ ץ ̆ 3

Ȃ ±5600 V ̆ └ᵬ₮ MRPC ѿ

̆ 10 ׅ Ҋ ⌠ 50 nAץҊ̆↕∞

̆ ֟ Ȃ 

 

׆  3.29 ᵬ ⱴ Ñ5600 V170ҩ ῤ̆ ⌠ ̔(a) 3ҩMRPC3a

’Ȃ(b) 3ҩMRPC3a ’Ȃ 

3.29Ҭ ԅ ֟₮ 3 MRPC3a ̂ 000̆ 002 003̃

Ҭ ’Ȃ ῤ └ᵬ Ҭ Ҋ

̆ ↨ ̆ ᴪ ῒ

̆ ҉ ҹ ᵞȂ10 ̆ Ҭ 3

Ҋ 50 nA Ҋ̆ץ ̆ ᴪ ѿ

ᵞ̆ 10 nA ̆ 1 Hz/cm2 Ȃ 

֟ MRPC3a Ҭ̆ 3

̆ ԅ 1 ɛA Ҍ ⱴ ᵬ Ȃ ḱҬ ̆

₮ԅ ̆ ң

Ȃ ḱ ̆ ֟ 76 MRPC3a ῃ Ȃ 

3.5.3    

ҹԅ ѿ ֟ MRPC3a ̆ ԅ № ԅ

Ȃ ҹ 1 ̆ ԅ 3 1 ҹ̆ԅ 10000

ҩ Ԋᶛ̆ 3 Ȃ 

№ ҍ┴ 3.3 ҬẠԅΐᵣ׃ ̆ 3
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ҩ ᵬҹ DUTȁREF BREFȂ ҍ 3.3.2 Ҭ

2015/02 SPS ᵌ̆ DUT REF ᵬҹ BREF

ᶫ Ḥ ̆ № Ȃ MRPC3a SPS

Ҭ ҹ 100 ps № ̆ └ Ҭ №

ԍ 125 ps̆ № ṿҹ 90 psȂ PMT Ҋ̆ ṿ

DUT/REF/BREF ₯Ҭ Ԋᶛ REF/BREF ₯Ҭ Ԋᶛ

̆ Ҭ 95% Ȃ ѿ Ҍ̆

Ạ ḱ Ȃ 

 

3.30  Ҭ MRPC3a № № Ȃ Ҭ

₮ԅ Ҭ ₮ Ȃ 

⌠ CBM ╠̆῍ ֟ 76 MRPC3a

Ҭ ԅ 33 ԅ ᵬȂ 3.30 ԅ ױ №

№ Ȃ Ҭ ₮ ҹ ̆ ⌠ MRPC3a

̆ ғ № 80 psץҊ̆

҉ץ97% ҍ̆ 2015/02 SPS ѿ ̆ ԅ ֟ MRPC

ΐ Ȃ 

ѿ ֟ 76 MRPC3a ╠ ҍ⌠ FAIR 0 ⅞

Ҭ̆ GSI mini-CBM BNL RHIC-STAR Ҭᵬҹ TOF ̆

Ҭ ֟₮ԅ῏ Ȃ 


































































































































