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ABSTRACT

In the current neutrino physics experiments, we need to have accurate understand-
ing of the detected signals and data. Therefore, the detectors are usually modeled and
simulated by Monte Carlo(MC) method. Some large neutrino detectors look for weak
signals at single photon level by installing photomultiplier tubes(PMT) on the surface of
liquid scintillator(LS). Then the output signals of PMT are analyzed and reconstructed to
obtain various information of incident particles. In the processes, LS optical properties
and detector structure have a direct influence on the propagation of scintillation photons
in LS detector. As aresult, the photon signals received by PMTs are also affected. Based
on a survey of previous liquid scintillator neutrino experiments and Monte Carlo simula-
tion method, the thesis explores several dominant optical physical processes occuring in
LS; In addition, GPU is used to accelerate the photon propagation part in MC simulation,
which dramatically reduces total MC simulation time.

* The optical properties of different components(LAB, PPO and bis-MSB) in LS are
investigated, including attenuation length, scattering length, emission spectrum
and fluorescence quantum yield. The measurement results from different neutrino
experiments are summarized and compared, which are used as the input of material
properties for GPU photon simulation.

* The basic functions of Geant4 and NVIDIA® OptiX™are introduced in this part.
In order to combine basic physical simulation on Geant4 with the photon simula-
tion on GPU, this paper refers to Simon Blyth’s Opticks project. The preliminary
GPU acceleration simulation is completed, which shows considerable accelera-

tion.

Keywords: liquid scintillator; optical property; GPU; Monte Carlo
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GPU
LS
MC
SM

EFEFSIERE

E AL FRES (Graphics Processing Unit)
WA INJRAA (Liquid Scintillator)
2% (Monte Carlo)

Fr7fERSZY (Standard Model)
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PR R R PR EEAORL T, B TR 12, KT, S5
PRSI M EAEN . T PR AER /D, aTRAACS R AR AR
TR, EEAEAR S EAE A

R BRI AR ALY (Standard Model, SM) BIEHH A 154 H A HEARL T2
[ P L 1 PE R AR AR 7 0 = A ARy CRBEAHELARE T . SsAR B AN S5 A0
HAER, BRgIOMEAERD, 7820 b 5iiesl 7w e e xR, H s T
Sy, BT, Higgs S0 TS EAR T HIAAAE (K1),

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
| 1 1
mass = =2.2 MeV/c* =1.28 GeV/c? =173.1 GeV/c* 0 =124.97 GeV/c?
charge @ % % % 0 0
soin [\ % C % t 1 Q 0 H
up || charm | top || gluon higgs
— S e \——
=4.7 MeVic? =96 MeV/c? =4.18 GeV/c? 0
-% % ~% 0
» d n S » (B 1 y
down | strange | bottom || photon
4 J y
=0.511 MeV/c? ~105.66 MeV/c? ~1.7768 GeV/c* ~91.19 GeV/c?
-1 -1 -1 0 -
% & % IJ % T 1 ; —~
electron muon tau | Zboson | <2
|
Z  <1.0eVict <0.17 MeV/c? <18.2 MeV/c* =80.39 GeV/c?
O o 0 0 1 L o
e 4 I
= % \é % \41 % VI' 1 W
i electron muon tau ‘
1 - g : | Whboson | =
= neutrino neutrino neutrino |

RN R AR s

PRIERIZE L T 5 =AUR T (en p Al o) AR R =AU BT e AT (ve),
pHRRCT (v) e BT (o A IR BRI S EAT A R TR0



(172). HFEAE AT v, v, B Ve BT IR AE LR EAGE
TUESE, MR AR R, RS PR ER AR X SR T T
111 RRFRZER

o AF R P REARIELS v, Ay, TS, BDIRIEAES S
AL vy Al vy ENMEE . AT PAEE— M SR A 0 1) L IR e AT

Ak
<vﬂ> _ ( cos 6 sin0> (\/1) (1-1)
Ve —sin@ cosf ) \ v

2
v, =Vvicos0 +v,sind

v, = —v; sinf + v, cos 0

Horb PR B v, v, IR
H BTl T Y S A B A B AN E RS H 2, i Schodinger J7 Al 5
d
i i) =H |v;®))
[vi ) = |v; (0) ) e B!
PR F BB AR vy A vy FER AR TRl

Vi) = [v(0)) e Er!

. (1-2)
[va(1) ) = [vp(0) ) e7 5!
E 2+ m? 1+m2 E+m2 (1-3)
P— . m- X p: —_— —_— -
’ P M = B 2p? 2E

(1-3) th E W B 7e sk qﬂ@%ﬁaﬂf—t@ﬁag W ATERARH m; = O B i T R
Pt =0 W u P, Blv,0) =1, v(0) =0, fh (1-1)

v1(0) = vM(O) cosf
(1-4)
v2(0) =v,(0)sin 6

v, (1) = cos Bv, (1) + sin v, (1) (1-5)



H1 (1-2)(1-4)(1-5) ATAGSTE] ¢ AL E] o s BIIREE A, MRS P, 7050

v, (1) . .
y = P = cos? e B 4 sin? ge B2t (1-6)
v, (0)
1) (E, — E)t
_ _H _ % _ . 2 . 2 ) 1
P, = I”(O) = A#A” = 1 — sin“ 20 sin — (1-7)

HEfht~ Lo % Am=m) —my, %y (1-3) W15

2 AmL (1—8)

P(vﬂ - vﬂ) =1 — sin20'sin

P(vﬂ —-V,)=1- P(vﬂ — vﬂ) (1-9)

Hi (1-8) 71 (1-9) W1, X F4EmiR e 0, Mg LRI L iEtk, v, #h
ve FMERATESZ AL, HXF T AmLI(AE) = kn(k JHE0 R 2] v, . o4 T i
WrRG KA, ARG (0), HBURAFAR .

X H BTE A = AP BT REARES vo(ves v, Al vp) FITTE AL
vi(vis vy Ml vg), A —NEEH: Uy, FFENTIRRE K :

Vo) =Ug; |v;) (1-10)

Uel Ue2 Ue3
U: Uﬂl Ullz U/43 (1-11)

UTl U‘L'2 UT3

X% 4 B 1R S S RS2
—ié 1
€13¢12 13512 513©

U=]-cyspp— 513‘312523e+i‘s €23€C1p — 513512523e+i(S €13523 el (1-12)

+i6 +i6 ip
823812 — 813C12€23€ $23C12 — 8138512€23€ €13523 €

Hrrs;; =sin6,;, ¢;; = cos@;;, 64 Dirac ti{i;, a Fl f HH1> Majorana fH{7. H
WAL DL, AT RAKE U A5 FEEDD R 20

-5
1 €13 S13© €12 S12 1
U= €23 823 1 -5 €1 e (1-13)

is
—S23 C3)\—513€ €13 1

(1-13) 72 0 =373 5 5 A TR AR 60,5001+ 053 F1 0,3) AT



FHNHE, ATPAER S =P EE T, Py Esd—BIEE L, A
PR RIE o 22 RIS B B A URIE p IR
miL 2

Pva—wﬂ = ‘; U;k exp <_1E>Uak

1.1.2 AR el
N TR BRSNS TR R RIS, SR RE R T E B RN
AP MO AR FL - BE A S0 S TR Z RO T I, Pauli F- 1930 AR§H B 248

Sy
W) TP AEAE 2 I AR AT B g R R, B SRR B B
Fermi 57 T f 38 E AL :

(1-14)

n—-p+e +v,

XH, —Ap () BT (p). BT (e0) AT PIT (v,

1934 452, Bethe I Peierls A1 1 R 52t A vp iy oo A AT . DA
FASKHE: V,+p— et +n, ST 1 MeV P T, AH VRN RS LN
107¥em?, FEME PRCFAEREA AT E AR RS AOUE. TS5
JEeAR/INEAE HIABR AR 25 v 1) BRI R T AR I MESE

1942 4F, FW@ERH T A Be () K J2 HL TR 3RA% SO i R sk 1m0 v i 1
f )53k "Be+e” - Li+ v,. WIRBERSFIEMZ RS, DAL B i i B
s E, AIERhM RS, M5, Allen Y5 £ 5 0@ WH#HT
SEg, MEEES bR HESE T T AT

X HP BT I BRI R H T Reines il Cowan 15555 . IR B 37281
JEH, AR R O SO e 11 oK. HIR 12 Ky, il 400 T 5e S840 58
TSN 4200 TH A DN KR A ZH I A 0 P D00 S b M AR 1~ 2ad 2 100 KAy
S, ZTHRMEN RSP (3.0 £ 02 AP, S22 R S IAAF A1
. Reines PRI TAESRAT T 1995 4ERyi DURY A5

1962 4, Lederman, Schwartz #/1 Steinberger {ifi ff] Brookhaven s£16 %11 15 GeV
FEF g AGS, il TR AP AR, I RIS TR T
PAETRIAS LAy w1 KT R ve ZAMEE AU BUT v, ISR T
1988 4E 1y DURYBRAA 3 . T H Al e 26 =il s v, ZAE 2000 4
H FNAL (1) DONUT S5 & B, 54 445K H AR E R R ol d s JLE T Bla
ARSI P, R4S Eg 3] 4 AR



& B R BH -5 ok B R BRI AE B, FRATTRE A% BE 4F L BR K PR 25
Ha B L PR & 2R A HE S A . Raymond Davis 3 13 K BH AR #1577 CLAE AT 2R
BT Ar RO © AT 1968 4, Davis ¥ — K 14.6 m. EH42 6.1 m.
B4y 3.8 x 10°L C,Cly [ 2545 7F 2 E South Dakota J{] Homestake [1)—4™FE 25 b
111 500 mEMI G, SR AL AR Al iy R A U YT Ar A C,Cly FRR B R,
T 3 I O S SR B P s i P % TARIESE TR BB R R T A%
A7, Davis RIS T 2002 41t DURP R . SR, Zead 30 RAE R0,
Davis WL 551 (4 A BH i 7 ok 2 R Fe e R 17307, st 4 mk
PR IH R Z ik

20 T4 80 44X, /INSEE R H AKX B3 1 (] 3000 miafi/K i /K YRR
PRI, H SRR AT RER A% A8 F 0. 1987 4F, i X SL e I 31 >k 8
SNI1987A g A =AM il 155, X2 AEE U2 B T, /Nt
HEARAS T 2002 4R DURYYBRAESE . AN 1987 4R 2] 1990 4E47), #fi[X] S£55 55 Davis
18 S 35 A A R B P 1l 2 2 BB (AR 172, 641, 1988 4F Kajita Takaaki 55
MR P F I /NGE B AR AN Z 0 A X S b R R AR 1Y v, 5 v, UfE
HHIHA @ B R PR,

“RBHPIERZ " AR RO B E B B A 3L
1991 48, JHZpi X525 (Super-Kamiokande) JFia IS, T 1996 4E5E il 4%
EHHN—A 414 m. BAE 393 m FAGBNEFIE A4, A S R4k,
11000 24> 20 S OGRS . 1998 4, B X SEgni@ T ) v, #l v, DSECFI6E
HEITRIRN S, & v, ZRILESERERN R SHFEE, fTmeER
Sudbury ) SNO(Solar Neutrino Observation) 5250 5% 2 7 K PH i 1 B i & 5 3
WAEHAART, HAETPRT294 35%. SNO SEE (il /K MR A B, 14
FOKH A Z 5407 R -

Vo+d—>p+pte (CC)
V,+d—=>p+n+yv, (NC)
V,t+te = v .+e (ES)

Forlt, HFHLIE (CC, charged current) FUGHHL T T-HUS, ik (NC, neutral

@ v, +7Cl—> e +¥Ar
@ FERAP v, My, AR 77— p v, p" = et v, v, RIS v (v, 4V, R Y, +Y,
LR HE) B2 2190,



current) o = Ffr i faf 5[] S AU, SRR (ES, elastic scatter) HYHL 5~ FR 11 ).
W HAR PR T 6 15141, SNO M X525, A5 1) KamLAND
A KEK fSEIn g R an i 7 i IR i s ib s, RIh i A i .
H A TEIB T T T IR T L 30 A

o R HERLE: ORI, #E RENO, H7ZAX KamLAND;

o RT3 : HA Super-K;

o KFAH 75550 . H A Super-K, KA BOREXINO;

o EER TR . HA T2K, SE[E NOvA,
A, SEER) DUNE. H 4K Hyper-K 1+ ) JUNO S8 IEFE g . X
YR TR LI SO T SRS LI & 6,5, CP SRR ot & W7 45 . HoAt g —
Serh 52 4 EXO, Gerda. CUORE 25, 1E3 33 TG H T3 B SEB6 8 A 2 o
2454 Majorana 7 1.

1.2 PFYIEREFF TR

ZRtR % (Monte Carlo) J5 ¥k i& — K - 2 BEHLR AR ASAFEUE S R Y
TR, BCHERCRERS T, B <Houl EREALR ] BE R BCR ML E Y
S50 . TR TSI T S R A e, RS R AT R e A
TCRENTT o TERXFEILT, SRR P Ik fe—Aa Ry TH. .

KLYy BRAIAZ 3, R TR A SRR P s S AR O, E T
O BB AU SE I 2200, 7r 45 7 RN BRI A 15 20 T (B AN & W) e e &0
i AR RSN 0GR, R XT RO T HEEN LA, I35
PR BEATRAUE AR, AL, S e AR TR BESK it AH B I 4551 (' Fe A 3
ERINOLES). BAMEER BN WA Z I, BT ARG T 2
SRNEEIATEAY, 4R BRI W EAR =S S TR SRR PR
R, B E R M DA AR, AR S S PR I R S R T L
B RIS AR

Py 52 Al AR T BB P S 2

* EGS(Electron-Gamma Shower) H i 5% 5 i 40)

* GHEISHA 27 35 175 AU

» FLUKA — N SRR 2R finis il TR

+ MCNP(Monte Carlo N Particle Transport Code) &A%Y PR T 1. S T-FlH



iz R EEL, ) FORTRAN 55 495
* GEANT(GEometry ANd Tracking) fe ] ] THBAUL S BEMTBESL T, Aad 4 ikt
FHIENGITE &G, B TS SO — GRS R PR, ) Cs
LI

F T 24 4 e R BRI 245 S0 A MRS AN 5 H e KA R A I A 3
AHBEET, AENtSERERMETT i, Hid X —B it B E A6
AT H BER Y S e PR B A SO TR, ISR R P BB 2 1 H Al
M BT FEE TR, RFR MRS RO T IR Z

1.3 X TIERET

AV SCAEWHRAA N AR B A G2 P R Rl B, PR AT GPU Tl i I 44
AR AT, FH4 AP A SR A R o XHE NG B B IFFE— T3 1T T A
INERFANTHS T IN MGG SAEBIN R RE R B, HRAR AN 88 i =
H—EMNTE TR J3— N GPU _EFF T G2 AL i 1 SRS B4R
T 2% HObril R AR E A B T HCESSR R D B R, Rl 4h
SR AIFEEAG R OB . AR ) GPU SG A4 s SE LA MNP S AU, (e
AL AR T T FR A TR (5 B A SR Al _E AR s> T BT .
b, GPU b5 K AT TR ) (4500 1 55 A 730 g fgp o ) R T RE (51 4k
N T BEFFAE R PMT (55 0 A ARG WA A4k ALl m
STebr TARRR I ARV ST AT, 18 SO0 2 A 256 5B AT GPU ik
BV B BT T A, I RIS,



F2E RERAIRERSEER

AR IR R R 2 A L B - B o 2 AR sy, FEid AL+
BN, BEVLRIARIN IR AR O A — e 7520 BR8] Ty A, Bl
NOVA . #[E ) RENO F1 & /) BOREXINO 2, HAEHVTILAE, FBIIN TP i
THRME A AREE P E T TRk . O T S AR T DN R 2 '
A SRR, FERNEIN W 2= e T HE— 25 T

21 EERFUEDIE

) -

AN G T, WS SN s s AR (R B %
A5 ) -

Vo+p—oe +n

FEERIER T IRGS e SINTRYE T T S5 K, BEHCHPIAS 0.511MeV 1Y)
y b . Xy TR P AERIN B ALY, . BRSO TR e R,
BN T HREHICR, RIFIBET A — 2 B RAMOE T, AL TRIE KRS
BONFIA Ko MRBINFBEL (Gd), B TALE T ER KM TRV
I, RN AN TSR TR R S 5 Gd JE K4 (ny) IOV, %
PR ARy 6Tl AREER IS LI 2], AT — 2 i 1 — A R s 1 401

SR, AINFRE T AR AOEHAGHEE (PMT) A5 S, Nt T4
AR A — SRR . T INERIE TS BRI P S A R A A5 R AT EL AR
s Wk, P SO SSE, INERE TR RE R E 2 IR G
I, MAAANSIEASCEIEE . X fe T ERmo . ol A gt
SEMMAE, R TRIRER (B AR — AR, BEASCHEIE R D
BOLTRE T IRRINFRE T IR

NG TAERRIN % P A AR A Y B RE R W T A PMT KDL TR
oA, Hut—2 T AR R TEES, 5T 0 S AR 340
WS M. PRI, R A TRUA PR 7270 ORA B g 1 A
FS TGS AR BEAR , LGSR 0 HE D i8R THEA BRI



22 WRKE

TN A T DRl S L T E T A B AS HEAT A RO B A 1 DL R 48 BT R 1A 3
IR R RSE o FEIR A PO TR PR TR 0017 D0 S A i A 5 RS DR -

I=1Ie 2-1)

Horp, I Awitndess, 1 oaZeadBie x JartsR, A MR, RIJEsEEEEcN
JFORIY 1e RN P IR . — ORI, R A S R E A
KA o6, ApkKmk, somik sk B, sodTae K ea, it
AR BRI R S0t aR iy UE (RIESER T = I/1y), %M (2-1) #47
A, BRIV RDAEL I I P 55 0908 R ) T B

IR TR P B SR B — AN 2. s . B O 924 430nm Y
KT HAE (LED) AR 0GR, lad kih & AE 49K 3h LED &t. YeekZid e Bas .
BHMIEH G2 N FATG. B IR i Y [ A T 2 s OB (B mT R, T
PEHDEAE L N R AR K B . A58 Pl PMT, FRECGE N L T
AR RO S, Gl T PS5 2 1 BN B 5 . SEIRAERS = AT

LED. | |
£l a pulse generator
(]
E —_—
= —
E—emmm 5
CO = trigger
S
computer
5 O
g —
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g []
»
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ARIER TG P 752304 2013 4R — i S h A I B 5, %95
755 7 LAB(Linear Alkyl Benzene, FHEREHIE, FITEWINT), BCH] A
INFIHZ Gd WINFEAM BRI, S MR 4 R A2 107k nIAE R, 5
A Gd [ LS i K A LS B T R M, (HRAE ISR g OO 1749 Im, 3%
B EEAE 15Sm 2ty FRERREEA K.

F2.1 LAB. LS FI Gd-LS #f: i ZE I K B ) g4k . )

(RIS T E (A)/m
LAB 19.44 +0.62
LS 15.99 +0.43
Gd-LS 15.10 £ 0.35

N T WIS HIN AR R 4145 (LAB. PPO Al bis-MSB) ({5 K 10, (i ]
RO AL AT DL AP EHCRE T XS 22227 B 1R i I S 0 K AT T &, 45
ME2207R. ATAEE], X7 4 > 340nm FYHHL, LAB AR RE] B AR]
PAZWE; ELMAER B. CFID MR 2. 3 F14 H& T LABE], AT 4> 349nm,
bis-MSB X TN B 2 I A JE S M K s X 4 < 349nm, LAB/PPO WX 5
3£ ¥ 1 S

2.2 WRINANIR]ZH o T B A A

M dms g PPO bis-MSB
A LAB 0 0
B LAB 3g/L 0
C LAB 0 15mg/L
D LAB 3g/L 15mg/L

10



100 ¢ - LAB

________________ LAB/PPO
— LAB/bis-MSB

P LAB/PPO/bis-MSB
S 10tk
=
=
o
5
g
2 1L
<
=
o
Q
=

0.1 +

280 300 320 340 360 380 400

wavelength/nm

2.2 TINS5 s BT e e 1)

eI BN LS B R FLAb SR e, A T Lambert-Beer g fE:
A(A) = —log(T) = e(A)ex (2-2)

XH, A ANIERE, IREHE I N B RORAR L s T = 1/1y ST
e(A) N EEIRW G2 B e TR L s x ey NG el i A g BE - BRI
JERE; A AGPEHK . Lambert-Beer SEHHliA TOCMMCT /M BIKERIZIE R R
FPRUEFAA R, 1 ik 22 /D 55 B R AN A

o BRI BEART 0.01mol/LA /WG Z AT AY A DD

o ASPEHCAT B 000 HafE EASY

* NMBIERESEY —, AR AR .
S5 (2-1) W DAS2) T T-00 i BE Y 23

X ~ 0.4343x
A(A)In 10 A(A)
XS T FOCAR R EE x PEATIE, (8 nl RIS (2-3) 152X T K A il
N EEDCE . B [E Y RENO Sz b Hi il 1S3 0 i i Y Gd-LS . LS(J% LAB 4,
PPO 3g/L, bis-MSB 30mg/L) ¥ i K AT TR, 45543510 > 10m
il > 15m; Johnny "2 25 A (5 T SR VUG8 2T LAY 2m AN B DR i DA

A = (2-3)




fem R, & THIANARRT 5 TR BB E, 4R R2.3 /7R
# 2.3 AFEPCRBINERD R (m) ML, #5541 L-B A RBiRE (1o)

B MK (nm)
405 430 445 470
LAB 21.1(0.5) 28.6(0.6) 40.7(0.9) 47.9(0.6)
LS 0.24 24.6(0.5) 32.2(0.7) 41.8(0.5)
LS 7.9 - - -
Gd-LS 0.25 19.9(0.4) 25.7(1.4) 34.5(0.4)
Gd-LS 9.0

—rmE, HoE K EMKRBENMESKIK A LAB > LS > Gd-LS. H TN
Az LR A FE W R SRR R, SEBR i S S5 R AEAEZE 5 XT 430nm [y
W, LAB ¥ 50 1 3 0K B i ROMNE T 28 24 30m; il A PPO., bis-MSB J5 il 131
LS, K ENENE 20m~25m %5 8 Gd HiJ5 LS K E N Sm, 3
A BEFE Rl 10m~20m RS, AL, VIR A SR G A IR AL S %o TR s
JE T B 1 R R B

2.3 IHFIEET

TR AETRN 1 1 A5 v A e Dol S5 YN 2 1 R WROSORTRIU A oC . IRKC
WAE (PO TEAESS, BERFAHN A ) SRS 2 21 6 T8 H
P/, RO AR DA TRk I 1), X 4n SR BRI Ry, o
JeT (HHE L) SETRRERNgR ) PMT UGS, DR AS &0 440 4 i e i HER
HHE o e, SR R B DA = Rl A

* B AN (Rayleigh scattering): A AAEIRIN 73T AR |

* KIKHUH (Mie scattering): 53R H T BRI T BT PR 80K A0

* WA (Absorption): A 73§ WM N BR G A8 MRS
ERARE T Rea i, 5 R R BN LSBT [0 B B o T AWM B A S 2
THOL T WA N — R R SN . BTG R — e Al ey, A
BEASLAR A R RS BE R A ) S r o IS a A B, sl i

2
<d_a) = 1+ cos“ 0 (2-4)
dQ I'ay 2
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(X TE AR, Bhhe GREOE) WA PABEA 245 R PR .
2.3.1 HHKE
— B, XTI, B R RO TR

(11—]: = —ON(x) = N(x) = Nje @ = Nye ™/t (2-5)

Hh Q = noy, n RBEICAAEHE T T ECH L BB | 010 AR IHITLAE
FHARTET . T8 R SRR (AR K 1, = U0, 5 MBI L A X R
0=Y0 = Z(no): Ll (2-6)

Iy s

PR 1 A T E AU () KRERECH (ie) RIS FE 2T () 1Y
ﬁ’

b

1 1

1_1,
l lare

! mie

SeH: EAEIN Oy, 07 R WAEAER Lg 20 R A 1) [ PR B 1 A4S 1] 57

PE R Lo

2.3.2 mAEHKENEREE

JE A1) R R RO K R O T AR B, — i, G (2-7)
R 0 P B B MR A B

1 (0) re
p6) = I, V 2-7)

Horr, 1(0) 2J710) 0 FIHUEIR, 1o @ AGDEsE, r REIEU . ORIEEE, V2
AU RO BE TRy AT BO) SEARABI Y%L

-1
IRay = m ﬁ(e)dﬂl (2-8)
B OGaR 1(0) PR T-TH N o0 R PA T3 1) (0) FNEEFE R 1,.(0):

1(6) = I;(6) + 1,(6) 2-9)



MR (2-4) B AR XS RO a2 ) AR ook, 2% RERURE 2% 17 [P 4)
ARG AY F 70A1n] A

2
o) =94+ %B (2-10)
1,(6) = %A+%B -11)

Hrr AR B 2R, PR IHE ] 0L Wurm 1) TAE.
HUFHETE 90° kA 263 6 (depolarization ratio) i

_ _ (2-12)
7,000  A+B
E LA R (Rayleigh ratio) SH{RHETEREL A(0) 7E 90° ALAI{H
U ()
R=pO0) = =3 2-13)
MRS B %L p(O) FNdm FIELH BT 2R A
p(9)=R<1+ i;gcosze) (2-14)
-1
o[22

(2-15) s Fi MRS BEAS H i Fi M HURHS BE Trqay B0 A LA R $iliid, HA5 %AW
HF 6 H K XMTHMEERE, 6 =0, 5 RA X,
f4f Einstein-Smoluchowski Bigs, 2% [a] [R] VK 1 5 A L ZE Ry -

R _ Oe szK (2-16)
150_214 p ap - T

Hodr A EUHEIB K, p IR E, ¢ REREIN BB, k23R %S
B, T REEE, cop BSRES RS fRYE Cabannes fl£5 5161 RFI R, 11
#

R _6+65 217
Ry, 6-76

Rigo WTABE 02 B BRI EL R R (945 i [l PE LY
AT (%) T AU E . G F ) Eykman 42017
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AR BLIR p (%)

(2-18)

<a_€> _ (n* = 1)(2n* +0.8n)
)7 n?+08n+1

Forp n R AT 2R
H1 (2-15)(2-16)(2-17)(2-18), W DAFF 3] il o i 5 B M 10 K ) Einstein-

Smoluchowski-Cabannes /A2 :

3 2 _ 2 2 -1
= {87[ l(n D2 +0.8n)] kTKT6+35} 0-19)

324 n?2+0.8n+1 6-756
X (2-19) R (ny ky A1 6) FEATHAE , 80T JUASREINAE i ) B S B
Waurm 25 AU 50 5 R4 AR, BT E23FRIScmb g, & X
q(0, p) A PMT FUCE B 56 T -

_ Ny
q@0,p) = N_B (2-20)

LED bandpass sample greyfilters PM-B
2.3 Hi R U ) s e g U

Forb 0 g, p FonmiRTr . B IEBIBNER . iR . O, WA
TERLFHE A B HRCR A SO A A i A B R 0 SR 2, X (2-20) 2F
FrHEIE:

Ng Ngy
qcor=T€(1_0) <_S £

- =Te(l-0)(qg—q
Npg NB,bg) ( be)

HI T PM-S MARHOE TR T B8N 2 (PM-S BIFLRARDS, A
REMCEE R oK B XAy T R IR GG 1, ELECHDETE AR A i 25 ds LA USRI



HOT) , 25 IEE T 5 R R IE X — 0. X Geantd B4 4 16 [ S,
avc(0) = Ng/Ng , 8T Tarikf. PM-S (E . BB 2RIRE £ 1 5
W, AR Iye = 1m , B B SCRE-5 MC KB HCAE A% Geor
5 quc FIHAEHIFETY . 52 L 00) = qeor @) ac(Oiyc), Zei AL, 155
TXTPUANEU A 0 (75 . 90°, 105° A1 120°) FPG- A1 p (|| #1 L) 1 Q(@, p)
(Ft 8 M),

% PR AERE S R B B A T WA TR R R A 4 SR TR A,00)
(fan(® = (1 + cos®0)2) FAMIRA SRS T (f,0) = 1) . HTXF O
Flp AR AT, A0 00, p) X A,0) + I HATHIE (Qyy F1 Oy 24U
BBR RIS 1 AN 1 [ PR T ) -

! 1 1
0,0)=A, +1= EQan + EQis

cos2 0

! 1
00)=A,+1= 5 Qun + 505

XA RO B R A R S, R IO Al
_ 200 -2(Qy) 2(0)) ~2(Q.) {cos’ )
M- {cos20) s 1 - (cos?6)
IE, ARIEETTARRIN) Qun A1 Oy 5 23 115K HE 2 1] (1] 111 2% [ S M RIORH JE 1 0
lana W\&Eﬁﬁﬁ%ﬁﬁg LS:

lis:L
Qis
_[fs@®d0 141
| fun (0)d0 Quy 30y,
1 1

Loe=—+ —
ST,

(2-21)

an

BRI R REURE, RN Warm FEIE SCHE T A
A ERRE . Wurm 258 AGA R RIUHHK B 09 4% 1) S 70 R 1 B P BT RO BTk (R 7g
1+ cos® 0 (431, 45 T Al R 43 ok F W2 B S ok T 2 A K
LAB XFPKT 340nm B ERIMAIR G, A EC SR B, Wole- A a1k
(OSE AT DARE 220, PRI B RO S5 4% 1 (1 + cos® 0) 43 BTt 2% 31
SRABAVL SIS R R B S B, AR S ) T i — AR AR
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233 MELER

X (2-19) FETR (n. kp F1 6) 2 BIFEATINE, JHi1¥% A58 T LAB £
SATE 430nm AL ERFIEBCHC R, g a4 R,

24 LAB FEa G FIBUR-K B R 5 )

Sample A(mm) T(C) n K (1071°Pa™") & IRay(m)

LAB 430 23 1.498 +0.004 7.743 +0.035 0.31+0.04 27.0+23

53— Hie USSR T ORI 7 A R R S RO R 8, B AR
430nm 4t LAB EGFIHUR K L 2070 28.2 + 1.0m. 4547 B4 102 80K JE Bl
CERKE L = 19.44 +£0.62m, 430nm), A 1/L = 1/Lg + 1/L, 35| LAB £
IS E Ly 978 62.5 +7.9m,

24 WRU-ExRG

i FRL TR N TP A B ORI 53, AL T &1 1] PATE I TS
FROTRE R A I AR RE RS B A A>T, BUEBEOGR FES . R
[ TE R N, XA AN & 5 T S R . T i v
RT3 ENT B B BRREIOCA R, PRI R AU N0 a5 P AR 8 A8
KA R 37 (wavelength shifters) X N #EAT T 21 H wie R BUG NAR I 230 30T
HZ R PPO il bis-MSB A =i AR 7RI AR B RS 5R] . Shy T AR IR IN
AR AL - B A SR I R X R IR T AL RR A S M, X i S8y It ) D' i 45 F A 2%
St T re% (fluorescence quantum yields) HEATHF5T .

241 i

ATl PMT fgfg )R] g 2 i B INEROEAE S, W50 &4ty £ 2
DX 3 7 5 2 38 K A5 AW G U R X SR DE T, L = 95 I (A% 70 ) 4 35
JERE S5 WK R O R R AT REE . 12419 BOR T LAB. PPO. bis-
MSB K EATHEGR &S . ATPAEE], 3 /L PPO 1Y & §HGik 5 #k PPO(dilute
PPO) WA LA B 4251k bis-MSB 3B 76 A4 LAB/PPO/bis-MSB
HEmm &b s, YA 9+ PPO 2| bis-MSB 1R ST aE B4 H
TR AT AR 2200 OV S R AR S RE B A 1 AR AR A



16 L —— LAB (Ex: 280 nm)
N dilute PPO (Ex: 310 nm)
LAB/PPO/bis-MSB (Ex: 310 nm)

= ) 3 g/L PPO (Ex: 310 nm)
S 4 [ - bis-MSB (Ex: 360 nm)
£ o
Z2 08+ [ | o
=z | \§ L5
.8 I| ' ‘\_\ "'L".‘__‘ ’

O. 4 n 1:.' ,' v \'-.\l. | \\...-'

i34\ [
0.0 b, e S . P S
320 360 400 440 480 520
Wavelength/nm

K 2.4 LAB. PPO. bis-MSB & T {141 &1 % G5 10

Buck 201 25 ) i T BT 0.5mg/L 3R LERT PPO Al bis-MSB (4 & 5%k,
H 5% A 3g/L PPO Fl1 20mg/L bis-MSB ({4 434% — H 7% (ortho-phenylxylylethane,
o-PXE) {) & ST bR . 2. 4ME2.5 2 B A A4 . AU, PXE 3|
PPO [} REE 4157 N FE BN IR 720, 1A PPO % bis-MSB [ RE & 4414 32 %L
ST A (-5, A PPO F| bis-MSB RE SR A7AE 1 /b & A E4E i A
FER BT PPO 1Y & SFHiEFN bis-MSB [ W ST i1 A 56 56 b DT L M A7AE /D 510 I
%[20] s

SR I, BEE ORI, WA R E S LR I s, If
¥ bis-MSB M, & 57 A T EE AT E] PPO 1B el gt %
JEE < 350nm [ E AT BEHEXHUMEFFIOE AR, DA SO - I8 FEDx
PPO JUK 15200 (280 — 350nm St EHEW I, < 280nm 3K H #5745~ LAB B
PXE (MR GTRER %), S50 (PPO) FI%E B KALFE A (bis-MSB) 1y
PR T PRI SN e R IOAR A 1 77 v i PO s 1T > 350nm
IR, BT CIHAR 20119 AT AR 20, B RSP0, 32y bis-MSB 11y
P TRV .
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—— PXE scintillator
2001 R - - - bisMSB in cylcohexane
I — — PPQin cyclohexane
>
o 100-
0 4 1=

270 300 330 360 390 420 450 480 510
Wavelength [nm]

B 2.5 FERETFRC A PPO Fl bis-MSB 4 & %, PAKIEET o-PXE [N (3g/l PPO,
20mg/1 bis-MSB) 1) % 5t (20 5 Wk ) 120

242 WHEFTH

IR P BE XN BT Nemive 3WHOETEH Nyps HIHAH,
A PA e A 2 i — RS S A R A S T REAE

¢ (Aex) = al

emitted
—cmitec (2-22)
Nabs (’lex)
Hd Ay MR TR K . — B, S FEHE A I ERR:

N,

emitte

4 =an’ly J s (A)da (2-23)

Hor s() BN A BRGSO W 9 EHR I, RIASHE 1o S
WG n ARFINAR R TSPRIZIE . o HTORE 5 R GHETEE 1 s
EARL, W& 7L ZEM PMT BRI — AR T EO R TEE N
JUMZRAFEEAANZ GO, el B AE T AREE 1R 21105 1M
MG T PR B, AR AT B8 2 B & AR E AU LA 1S 00 BB AR AL
TESEI HH HEA TG B F BRAH I BN, AR S hn AR 0t FE R O 2K AR



DRI ERE . BURF, H(2-22) 1 (2-23) W] PAS R SEEG b IS T E T

A AR
B, [ s, (A)dAn?

&, =D, 2-24
* 7 By [s,(A)dAn? (29

HATR AR r # x 23 328 S5 AR HERE AR 268 =B R IR . B 3%
IR A T e, BB T = 111 A X &

B=1-T

FHXPYE I F A i 2O G TR HERR I R R 32 T S 5 R s i ) i it . 5K
S o T W BRI R e /K, (HARMANE, S8 k17 0.83122)
SRR ZE T (quinine sulfate, FEGHRETT4 0.55) FifEpriidtin . —ttscg o)
HERTAFMIASE S AR A S A T S 8 A T S b, 4% BROG T 4011 A [ K R 3 58
FHCF (2-25):

__ [s(A)n(a)da 0.25)
[s(a)da

BT LAB i35 B 50 R S AR, HoRE & 32 B30 i o S0 Oy U 7% 3
PPO; A A% bis-MSB [ SO 7R ES 78 15 PPO I &GS, A I A
(R - 2 i AR T B AR AE bis-MSB |,

H Bl & A — 25256+ PPO Al bis-MSB [5G B 1= @i f7 7 il & . Buck £¢
2O 555 PPO il bis-MSB 7E— & I K JEFE N (4331124 300 — 330nm #1 300 — 380nm)
5B TR AT 7 I, TI{E 5 0.842 1 0.863; Xue-Feng 2524 %
JUNO 5256 H £ f9 bis-MSB FE R KA B 2G| 1= i T, 456
kU0 i & (PPO: 0.77, bis-MSB: 0.96) 24 H T E2.6JiRIH%55:, A5 Buck
(I B LR — . X T bis-MSB WSR3 (£ 350nm 4b), ZEEE =8k
0.926+0.053. Ak, B TFERT 400nm R N LAB 21l b 5 E 5t
(HE KGR SHEOR N AR T & 5T BEVELE 400nm J5 L T TR
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Fluorescence quantum yield

0.8

0.6
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-
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O

——o— Fluorescence quantum yield

] Uncertainty from emission
Uncertainty from acceptance
—— Xiao et al. bis-MSB =

——— Harmane

III|III|III|III
>

——— Re-emission probability %)

— n| W W e ¥ H R A A A A A

s g by s by s by vy o by gy by vn s by s by vn by sl

350 360 370 380 390 400 410 420 430
Ao, (nmM)

2.6 bis-MSB [5G T 4 45 5 24
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F£3E ET GPU RAHRMFRM

I 3t 39 KPR R0 i USSR A 2% 14 4000 45 45 1) AS SRR ER 00 8 15 T it 7
BT RASS LRI, 0k B R SRR B AL S =) B 14 s (R 0 4 15
Ao T ARBAEINEARAN P BOS SR X — N LA RO k. B I8 T i
M5 GPU IR MIATRE, FLATEEH GPU SR g i N PRI A Al R
ZHPE TR, AT R ST I, SRR BT .

3.1 Geant4 t&3)

Geant4(GEometry ANd Tracking) & H CERN(¥%1#% Conseil Européenn pour la
Recherche Nucléaire , K% F-WF58H0) T &M H TR BB SR R T
AL, HAISA Geant3, TriREW P, WP SV BIGH] 7)) 2N . bl
# Geantd NZFITIRELE R H A FEAS [FIHL D B2 R0 SCRE R R B s g,
2 AU R W B 25 (R R 2 4 A 5 TR RS- 21 T BRI ] o

Geantd R gL BT A U A 7L (geometry) . JEE (tracking). 45
M Z&5E LY. (detector respoonse). 24T (run). FEFIEEE4 H (event and track man-
agement), A FIAL AN P (visualization and user interface) 25 —3&E T H , 1% T
AAPREE T — R YR RE RN FI Y o i 25 i HAE T, A sl
(1325 I VAR T A 0 B 3 AR BRI R R BEAR . Ak, T Geant4
RS 2 e 3 A FF Y, A NPT DAARYE B O AR R AT il el JLAE,
H TP . 2RI T S R A e, S T AR H R G
FHS1, Geantd LEFGL Y LUMA AP T 2 LA H A

3.1.1 hs

Geant4 [ 5 54 Geant3, J5##f] FORTRAN 15 528, 1993 421 CERN
N KEK 3 50 57 A 58 1 an o] 57 F AR TS 45 AR SR X Geant3 BUDFE 7 #4724
k. XL TAET 1994 FERKEGRE A B, [F]B— 103 & T Ha 1 1) X G R 7
IHE 2P HE A 2 CERN [HMER ISR A2 012y, B RD44, X153 R 2 W A&
JEBCA— KRB EEREESE , RERI . BA &K E RN Z 58T
MR 2ER P2 AR TR S 5, BAERT Cr+ BT % G e 4
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B MHFMGBAUREY , R RA W T — OB LRl B b & 1 )
RERIRTGTE . 300 H B2E — OB & T 1998 4F 12 A5, T H A VR R bl 5 1
%4 Geantd., Geantd [JF A FNAEI 5 T 0 TR IE, hi— B RIS —
MEFRASASE T TARA S0 B A, 4B MU o scky, AR T AR
R KA SE655 TAE. BEE R HAZWH. s, 25 () Bhe i s 2 4y 2 45 g
AIBIFTE N SRR, AR B (6 VG L A e T AR ) s BE W) BRSS9
BN A KR D R AR TR

3.1.2 Iheekik

HRIELIIN BB R, Geantd K5 H LI T80, 2804 w1 KR,
FHEMME, LRSS B EAY) B AR 55 .

53 AR TADURH O ) BT

o glbal £ 5 T BN FEECRIBEALZ BE S5 1Y 5 BB 45

* materials F L T — 284 LRI P B

* particles & T = BE L P WAL T W BRAR M, 456 materials 2552 5
W59 B AH HAE ] B0 S8 B

* geometry FIABAL IS KB UMD, GIANERIN 5 T LAnT 4540 55

o track G K0T tracks Fil steps FZE R SE I

* processes U T HUAH EAE FIBIALA SL B, B AN B AR 12 8] A FL G AH B
VERIFNSEAR B ) S5 1) 5230

» tracking 45" # processes X track JEAZ I TTHR , FHE At R AT (hits) {7
2

SN

* event ARAEFEHI tracks X (il 17/ HL

o run BRSO AR S LB S A

b4, Geantd i) readout 22 H|NIIRERF R B run p915 Bz, I visu-
alization FI interface 2 jI| SE BB AU W] AL AN R 49 P52 B

3.2 GPU #FHEBIHE

3.2.1 HE

AR, EE A SRR SRR E SAEHEE . PN AR 1)z Y
I, HETH GPU TTRAER R . it/ . AR RE . RE I HDELE
Je2F 5 H i SR . YRGB BRI K R E 298 M B R B A R R A
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B GO TR LT a7, AR ITE . BUR . WA R 45 . i
FETAEMIN R A 1 12 ik SR LR A T PR AR R I A UL BN B 2 1R 7, 5 2
T2y 80%. W TN 8 T AR GPU YE4iB ERfE T R IA B —
BEILPE, BHIE IR ] GPU _ERGE B BB DIEE IR A 5 AL AR .

3.2.2 NVIDIA® OptiX™

OptiX 2 & T CUDA =2 H 4 — Ml HDGZEB 5 15, B 4GB R
PRfit T — AR BIHM R TEROCLIB S, BE ] PSR CUDA 274
. JHid OptiX 484y APL, H ] DA H A7 SOGEAE 5t P R AR
KRB E, WG MBTE G WGRACH sk A, #Em AR R E 2 L
ek iR,

OptiX ) HGLAB BRIR/K AN EI3. 177 o 33 98 H A EL Y reContextLaunch Sz
7 P B 5 LY Ray Generation F2J7, M FFARFEAN LGB TR, AEAE oLk
53t i, B P E CHY Intersection £ )7 #E47 LAY, HHHEOEL 5L
AR SRAZ I Ol . 24 LRIl #0345 Jfe Y intersection 1, Closest Hit £%)/7-F
RS IR e ) e A N (=S s R SN W N0l e ST D i e 1 o 2 R A (T E v
7, Any Hit FEgeJR 1, KR HDGE & ST BT 2 en i, B0 &t
RHORMSE . 249K, TES 50l D A EAE — 22808 A SILMIARAEAS, ILH] Miss
Program SRALFRIXFMENL . H P GZA . SKRASTH A AL B A5
J75 OptiX |4 EHGLGE E55 |2 rt Trace (A2 H., #FMEHLH & LAY GPU YGELkE B
T

TEAMS G AT R RS, ik RSP, X s i ikt
A7l ok, WENBGER A, A5 T 9n SO0 5 Y AR ) Wy B AR (1 4n B A L
S5 AT AL T . QRGN DU AT i R A I IH M AR 2 BT
2. NGNS 2458 ] 2% Simon Blyth ) Opticks*® 1 |
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5 Launch
' Exception

Ray Generation
rtContextLaunch »—b Program Program

. Traverse . Shade
’ ) '
Node Graph Miss i

Traversal Program
Selector VlSIt Accelerahon Closest Hit |
Program Traversal ! | Program :
i i | i
Intersection | | | Any Hit |

Program ] | Program

3.1 OptiX JE2kiB Bk 4n 2 e 27

EAEH TAER A B K 5T Simon X} H| ] OptiX 16418 Ei 5 28k sL
Geantd ZZ-RARALL PG TALHE R/ I B % . 1% A i 44 Opticks il H 53|
TS @ E X Geantd | OptiX FIHABAL P Z 7] K AEAE B A H I — R I,
FFEAHEAUIEER . GPU JEE4EEH . B T AL A A2 B AF R A 31—l
AT AR SRR —RE A5 B 0 i TR B SR R T AR

B 5E 1) Geantd BLLRT AGPRL 57 £ I ARG T RIYIGRHROET, g =
R E L2 5] (glbal, materials, particles £l processes %) gL ET CPU 1Y
TR, 153] PMT ) tp (5 B 3T 5 22 M 72445540 . e Opticks i
AT (#3.2), HIEK Geantd HriisEE LIFH geometry (il A I %5
JUfTAIAT RO g — @ 1 %A S| GPU ) B ] CUDA i 5 kHfiidix
BU(E H, Hi Intersection Program X} geometry JUAa[ SR -4 T 0 M Ab 38, HT 2 )51
J‘E?F%%frﬁo IM%fT Geantd P [ HI G TH S (REEAMBIE), FIH] OptiX 11
Ray Generation F /7 Rk 7 A AN 4606k . B 15 B OptiX G EiB ERT [t
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fﬁ?%?éé’ﬁ%ﬂﬁ%ﬁ ﬁ%@ — %4 Photon Buffer 1% E. #] CUDA Thrust Jf
Geant4 %u OpuX Z|H] %1 sdfﬁ@ L~/* H mx% [T G4Opticks ﬂé;&ﬂu

Geant4 + Opticks Hybrid Workflow : External Optical Photon Simulation

Standard Workfl Hybrid Workflow L
anaard workiow v G40pticks interfaces Geant4 user
code with Opticks
Geant4 Geant4
Geometry $ GPU Context
Opticks :
Scintillation i = o P
p—— T GeoMETRY : |Intersection Frogram
Cherenkov m— f . . + BVH
{ G40pticks :
e Cherenkov \
—_ NVIDIA
Optix
Optical Photons Optical-Phetens

ID:
Thrust : Photon Buffer :
i1 Nxdxdfloats G

|

PMT Hits PMT Hits

Optical Photons are GPU “resident”,
only hits are copied to CPU memory

K 3.2 Geantd Yt TAEIRHUFRE TVER (Z2) Fl Geantd4+Opticks JRA TAER (£)1

N T RRIEE TR T AR EEE, 5 20E OptiX B3RS Geantd #1124
HERE TR, XTI AYA RS Opticks 7 Geant4 Al OptiX 2 8] SE B JLAA
F MBS R E A K

3.3.1 Geometry 4%

N THE OptiX 5Pl Geantd S4B T FEELALL, 752K Geantd 1)L
il BRI R E AR ATt GPU (] pA% =, RBISRHA] CUDA & EHik. Z
B Opticks JUAT 5G4 1 S P8 ] Geant4 P 1) G4DAE exporter(E T 47 GDML
exporter SZ¥) K Geantd fi) CSG(Constructive Solid Geometry) JL{r[ #4441 %X
i, 153 dae SUUF, R OSCUFRTY REEE G KOM AR R RR I, HAEZ J5
ik 12 f) Assimp asset importter SEIGX 8615 KL B0, TITE S HTA SCBE AR TR
WITYE, ¥ N EBERT Geantd ) CSG JUREATALRE . FIJHi%J714, Opticks i
WL Geantd J AT B 36344 28 GPURY | $ e T LS4 R0R . AH R i,
1E Opticks AL TGRS 10 FhEA U G AR+ 1455F) 1 intersection
B P AT TR TS, X CSG UM HET TR 73 I AREA T3 OB 5
FHAEEANZIR intersect BT PRI AT S TAL TR
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Ve ~
¥R = a8
2SN / o\
U ¢ & p
/ v\
< 0

3.3 CSG LA/ Bl (Z2), Herbh 135 o EEAT U, )Y S x 2 19 s
BEAT— AR A ()

2% Geantd 1Y) CSG U I, 14 T DAFS B A4 RHFN 2 0 1 555 5.« Opticks
i i 44 >4 boundary texture [t — 4 floatd texture, KfixX L8k K AH 5 A4 1R A 2
GPU, PAfEIEEER MK AR, £ geometry 43 fit—{> boundary index, F%
K5I AR AT B R AN TR RR I, AT HE SRRI A B LR 6 1R B 2R 7
SEPH . SRy TG A R LA TR B B A7, Opticks A H 42 ST R dEAT— IR AT
fift, 4R E ERE ITER ARG By AR ) 4 x 4 FEFE, M#EE % GPU |
HEMES .,

BEA, R 7 I RGN 25 ) LART S5 AEI, Opticks SE3L ™ —FfFRAf “ geocache”
LR FSIL, evERs GPU WA s i LM EUi 15 B AR A73] NumPy — il
SO, HFERE S BBt T MG 2E SO, DA SR B A ) LA A 4k
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3.3.2 RAFYEIERS

OptiX ' Closest Hit F /5 1 52 I 5 BEEE T INAR G AN PRI &% b A 2R R
AP RE . T RO AT, FTPAZS% Fresnel 223

— nog
R - n100891~—n20059,2_ ny cos o; nz\/l n
* " |nycosf; +nycosh,|
nycos0; +ny\/1— —‘sm@
ny
2
R — n; cos 0, — n, cos 0, 2_ ”1\/1—<—2s1n0) —n, cos 6, (3-1)
P ny cos 0, + n, cos 0, N >
ny 1—<n—lsin0i> + n, cos 0,
ny
T,=1-R;
T,=1-R,

Hoof R,L R, T, il T, S G A il 7 0 R AT AIE ST 0, A1 6, %7
NSRS ny B ony FoR ASEA BT SA Br5
XTSI RO R, AR T A PRSI RS I BE R, R A Al
s U Y KATRE R d FIRHE R D Rl
D~Lexp< d > (3-2)

Las la,s
PEREIE B/ NPIIFESE S, I 7T PR Closest Hit 2[R G2 L7 1P 2, LR BT
FG 2 W25 DA 2 A A A I B R o X T am AT, 187575 I
SRV A S (r B, A SHASEIEK):

1 + cos?
I _Treos ¥

ray "~ Ir (3-3)

34 BRER

Simon Y& fib g 5T 2 w4 TSR A Opticks F TR & LA 0 Al i 52 Rt
P B Hee . AR A T Intel Xeon Gold 5118 F1 NVIDIA Quadro RTX 8000
GPU, 7EELF ) JUNO JUT LX) IM-400M S FHEF AL, DABALEAL Geantd HiDL
B k2% i B Opticks SEPR MR, HAETF S ¢ RTX B ARG i T #6470
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Bt A S CE BRI RIS S

A Brief Overview of Liquid Scintillator Optical Properties

Liquid scintillator detectors play an significant role in experimental neutrino
physics. Over the course of several decades, organic liquid scintillators have formed
the basis for successful neutrino detectors. And in recent years, large-volume
liquid-scintillator derectors have made important contributions to low-energy neutrino
physics®!. As a result of the generated scintillation light propagation in liquid scintilla-
tion detector, the moving track of light signal is not a ideal straight line to PMTs, which
involves a variety of interactions between scintillation light and detector, including re-
flection, absorbtion, refraction, scattering and so forth. To better understand the produced
process of photon signal in liquid scintillator detector, it is essential to ascertain liquid

scintillator optical properties.

A.1  Optical Properties

In this section, optical properties of some specific LS detectors are discussed, which

is helpful for us to further understand advantages and disadvantages of these designs.
A.1.1 Optical Stability of Gd-doped LS

The Gd is used to detect neutrons following an antineutrino interaction with hy-
drogen nuclei!!l. Gadolinium-loaded liquid scintillators provide efficient background
suppression for electron antineutrino detection at nuclear reactor plants'!!. The main
advantage of Gd doping the LS is to improve the S/N ratio in the dection of the inverse
beta decay v, interactons by lowering the neutron capture time of a factor of ~ 10 and
increasing the energy of the emitted gamma rays (~ 8 MeV instead fo 2.2 MeV) !, How-
ever, the requirement for optical and chemical stabilites of Gd-LS is critical factor which
greatly restricts its development.

Barabanov et all?! evaluated the optical quality of Gd-doped LS by measuring
its light transmittance (T = ILO which is defined as the ratio of the outgoing([) to

incoming(/)) light beam intensity, on a slice of media of x [cm] optical path). They
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used UV/VIS spectrophotometry, with the wavelength range from 350 to 800 nm, to

perform the measurement. According to Lambert-Beer law(A-1)
A(A) = —1og(T') = e(A)cx (A-1)

in (A-1), x[cm] is the optical path, c[mole] is the concentration of light-absorbing
species, e(ﬂ»)[mole_1 . cm_l] is the Molar Extinction Caoeflicient related to the substance

and the wavelength(4) of light. Accordingly, the light attenuation length A(A4)

— x -
A = A(A)In10 (A-2)

Therefore, once the transmittance spectrum is measured, we can easily determine A. The
measurement results shown that the developed Gd complex does not affect immediately
the optical properties of the LS for 4 > 400nm[?!,

However, the transmittance of all Gd-doped LS samples had decreased in two years,
which is showed in figure A-1. For target T3131, the Gd doping delayed impact on
T is well below 1%, and the value of A deduced from each of samples is > 10m for
wavelengths > 420nm, which was better than the results of T40. Besides, Barabanov et
al studied the transmittance values at 415, 425, 435, 445 nm versus time(~ 800 days in
total). The fit results confirmed the stability of T at all the wavelengths[?!.
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K A-1 Transmittance spectra(top) of Gd-doped LS samples extracted periodically from tank
T40, and the derived light attenuation length(bottom). Two main kinds of LS: LS1( contains
~ %16 of aromatics) and LS2(contains ~ %8 of aromatics), and two doped counters: T40(left,
LS1 was doped at [Gd]= 1.05g/1 in May 2005) and T3131(right, LS2 was doped at [Gd]=0.93g/1
in October 2005)

Wanda et al’®! considered that colored impurities, such as iron and cobalt, had a
non-ignorable influence on optical transparency of Gd-LS. They realized that in addition
to increasing absorbance from 340 nm to 600 nm, iron affects the chemical stability of
Gd-LAB ¥ (Figure A-2).

A.1.2 Optical Scattering Lengths in Large LS Detectors

For liquid-scintillator neutrino detectors of kiloton scale, the transparency of the
organic solvent is of central importance®!. There are three microscopic processes which
have influence on the light propagation: Rayleigh scattering off the bound electrons of
molecules in the solvent; Mie scattering from dirt or dust particles suspended in the lig-
uid; absorption of the light by molecules, which is either re-emitted or converted into
excitaion modes invisible to the photomultipliers. And in the present experiment, both
the intensity and polarization of the scattered light are measured for several scattering an-

gles, which is probably helpful for us to identify the contributions of Rayleigh scattering,
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Kl A-2  Comparison of absorption spectra of 0.1% Gd-LAB with or without Fe at various times
after preparation

Mie scattering and absorption/re-emission processes by their angular dependences ).
About one-dimensional propagation, the total number of scattered photons per unit

propagation d N/dx is related to the attention length L:
N(x) = Nye ¥ = Nye ™t (A-3)

O = no,,; describes the ratio of scattered light per unit length to the incident number of
photons N(x) at point X; n is the number density of scattering centers in the direction
of light propagation; o, is the total interaction cross section. Considering the contri-
bution of different interactions, (Q = Y., Q; = Y ,(noy,); and [; = 1/Q;), we can write

attenuation length L as

1 1 1 1 1 1 1
L lA lS LS lare lray lmie

And in the present analysis, the scattering length /¢ is described as a combination of

anisotropic and isotropic scattering lengths:

1_1 + 1 (A-5)
ls T I

Wurm et al®® studied the optical scattering lengths of the organic solvents PXE,
LAB and Dodocane, in the wavelength range from 415 to 440 nm. The results showed
that LAB seems to be the best solution for a large-volume detector (L = 15 ~ 20m and

l ¢ = 25m, without further purification). As long as the diameter of the scintillator tank
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didn’t exceed 30 to 40 m, the smearing of the arrival time pattern(due to scattering) had
little influence on the time resolution. However, the relatively slow fluorescence decay
of LAB may be a drawback in certain applications(e.g. nucleon decay search).

In addition to above, both PC and PXE had low scattering length(10 ~ 20m). PC
was considered as an excellent choice for present 100t to 1kt scale detectors!* 1] while
PXE had a visble light absorprion in attenuation length measurements. But through
purification, PXE was also workable for a detector of 20 to 30 m diameter. The present
results can serve as a valuable input for upcoming simulations of the scintillation light

transport in large-scale detectors !>,
A.1.3 Summary

These existing studies have contributed valuable experience about the component
choice of liquid scintillator for specific purposes. At present, most researches on the
optical properties are mainly about actual comprehensive effect of some LS towards a
specific wavelength range. The detailed formation process of scintillation light signal
from production to PMTs in detectors need to be understanded. Comprehending these
situation is crucial for us to reduce the mistakes of reconstruction. Efficient simulation

about the process will be helpful.
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