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Research progress of organic scintillators for neutron detection
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Abstract  During the neutron detection process, owing to the effects of inelastic scattering and slow neutron
capture, a neutron-gamma mixed radiation field is formed, which increases the complexity of neutron detection.
Organic scintillators are widely used in neutron detection because of their high flashing efficiency, short decay time,
and high detection efficiency. Pulse shape discrimination (PSD) is a key technology for discriminating neutrons and
gamma rays according to the difference in pulse shape caused by the difference in particle decay time in organic
scintillators. Traditional PSD methods include time-domain and frequency-domain discrimination methods. In recent
years, various machine-learning techniques applied to neutron-gamma discrimination have achieved better results. To
better use organic scintillators and the corresponding neutron-gamma discrimination methods in neutron detection,
we conducted a comprehensive analysis of the glowing mechanism of organic scintillators, PSD principle, organic
scintillator types, and neutron-gamma discrimination methods and investigated the performance evaluation indexes of
organic scintillators and neutron-gamma discrimination methods. Finally, the future development directions of
organic scintillators and neutron-gamma discrimination methods were examined.
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Fig.1 Physical mechanism of organic scintillators producing
scintillating light
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Fig.3 Flowchart of the neutron detection experiment with organic scintillators
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Table 1 Important physical properties of common organic scintillators
AN I P SR ES TN 8] RORB
Organic scintillators ~ Density / g-cm™  Refractive index Light output / %  Decay time / ns Wavelength / nm
B Anthracene 1.250 1.620 100 30 447
RN Stilbene 1160 1.626 50 3.5~4.5 390~410
NE-213 0.874 1.508 78 3.7 425
BC-501 0.901 1.538 80 33 425
BC-501A 0.874 1.530 78 32 425
EJ-309 0.900 1.570 80 ~3.5 424
EJ-301 0.874 1.505 78 32 425
EJ299-33 1.080 1.550 50 4.6 420
EJ299-33A 1.080 1.550 56 4.6 425
EJ-276 1.096 1.630 56 4.5 425
EJ-276G 1.096 1.580 52 4.6 490
2.1 BHL&AEF FROGHE PRI 7] R A 3.5~4.5 ns, A X 75 5 il £ A4l

A n A — M B — o (A& D 2R, v
R il A RS ot AR 1 2 A 1 g A0 PSD 1 R R UF .
Brooks""'fF 1959 4 i Iy A FH 2.54 em R/ — K 4
Wit 1A BL9.5% HORCEAL I E] 2 MeV fiHh 1, [RI I #s
y SR ARSI R B 3 0.007%. B ARTE A HLIA
PR o B B B RO RER , IF H R A LS A4
P BE Ao A5 ) 58 BE A A5, A A LI BRI 1)
ROGRLEIE T I A O I E o LR R T
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Wi S, 22 800 85 1R 7 1) AR AR I o B T 1 e
Weldon 5 i *2Cf v -5 & 7 S FAS RN 2K
S A b B B OB B A ) e, Herbra
e AR SRR A B A4 AE o A0 s
A VRS R REAL B, (ELE 1) 2% K AR AR AR ARATS B A7
Ptk 2 H BT vk, JA 57 A8 B A o SR E 5 sk
I % (Lawrence Livermore National Laboratory,
LLNL) i i AR K BRI 10 em R
RO R T2 M fh , 5 SR R AR R BOR Y
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PRI RG 00 A A AL A SR A
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R BB 5 5 R R P AT TR SRS TR
TP — Sk, 25 FE 3B 2 R 2R I, S b 3R 3 vy
R T, H A 06 205 RS i Bk S B O B D .
LiME. PPO.POPOP Fi1 B 2 [ I B 75 K 245 15
(VR A YT B 2 1 2R 2 0 B 4 3 HLIN R
PRI FE B A I B R R R TR TR A
PR ) T

Normand K T —FHF LGRS SH
1.5 wt%[¥] PPP £10.01 wt% 1] POPOP (1] &5 B 22 4} 1A
KR, BT 5 BC-454 5 B S RHA SRR BE4T LR, 56
UE TAZINERR I PSD 14 88 , 3o 22 I [A] 7R 7E 12 N iR A
FIEAT BT, BEAE A 2R o 1 R R R Ry S
4. BE AP B S EA HLIN SR ARG BC-523AEJ-
309B Fl EJ-339 %5, ‘B AT (19 32 BL4) B AR M Wk 2 B
7~o BC-523A B3 2 55 BC-501 1 32 22 1% 53 A#H
ABREET, St ke - R Ry SRR, b T B
TR, 1% RN B8 5 12 85 K I A AZ A B A L A
R K% BT 5% . EJ-339A %55 [A 45 44 ) PSD 1
AEUTHE VAR TR HR AR (BC-501 B EJ-301) 58 22, {H'E AT}
R 2 V22 AT, 9 HLEG R 55 & A HLIAE 40
2 faFE R /N, Liao ZE“# H Geantd B30 1 1 41 4%
TRAA DN BSR4 ) AT 52 % A PSD 14 RE , JH4IE B EJ-339A
AA R4 PSD MERE.

x2 "BRAEBNIALKEREZMIRR T

Table 2 Important physical characteristics of '’B-loaded organic scintillators

A BN LR R P RICRFE TEPRIN TA] RKPEK
Organic scintillators ~ '*B-loaded / % Flash point / °C Light output /%  Decay time / ns Wavelength / nm
BC-523 0.96 -8 65 3.7 425

BC-523A 441 -8 65 3.7 425

EJ-309B 1 144 69 ~3.5 424

EJ-309B 2.5 144 64 ~3.5 424

EJ-309B 5 144 57 ~3.5 424

EJ-339 0.96 -8 65 ~4.0 425

EJ-339A 4.6 -8 65 ~4.0 425

EJ-339A2 2.5 -8 70 ~4.0 425

HL(GDIETE R TTE T B Bm o1
W WS AL THT 5 Lightfoot 261 il | —Fh B A i e /= %
V375 23 R AL N 8RB TN R A S K B AR A 4R
AT I . SCRRES0 IS T — b S FH XA AR

PR ZR G IR M2 T V1 DB, 3 22 A b IR ST 11 2
& Gd 7B HLIN KRS 58 AN BRL N BRIARAE R M
PN R AR SRASE I o A0l 7 2 TR A AR S A Rt
RNy 8 T I R TRy SR
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TR R A1, 515 PSD 43R A i i 1540
HL I SEEI , 5 L A ASEADL PSD F AR AT LGB 1 21 1959 4
Brooks & i 1 & L R 48 ' 1 faf X 43 (Charge
Integration, CD 77 ¥£"" . Aryaeinjad %5"" il i CI f1
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Jikt b T #EAT ARS8, 53— ADC I Jhk b B
TRy o AR ZC H, BRI AR5 5 Ak B
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W&t T . FERE S I — T A0 A AT A AR AL
ZC 5¥7 ZC HRBAT T HOAL, BAREF ZC T7 104
L7 AR B R . IR, Sosa SEUHEAT Tk
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3.2 BEFEWEHEERASE

£ 7 PSD AR 0] DL 53 Sy Bf Sl R85 358 B ) 7 %
F 3G T A NN KR AR o H A s Sl A A B ) 7
EAHRAE T o

I 38 3 ) 7 vk 2 AL - H A B0 (Charge
Comparsion Method, CCM) i & ] [A]7%(ZC) « BT
i 5] ¥ (Risetime, RT) Al ik v s & 43 #7 72 (Pulse
Gradient Analysis, PGA) %5, CCM J7{ER (B FR A
CID AR ik e 6 79 A~ A [ s (18] [ B PR AR 3 LU AR 10 22
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G5 ZCITVERIM AR PR 4y B AIE 7 & 5l L 1)
P e Jhk o 1 B T IS TR)AS [R50 n/y 64T Bl 1) . RT 7
VR A SR R ik B H R Ik AR ) TR
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Table 3 Relevant research on digital time-domain and frequency-domain discrimination methods

G IR AHLINLRA IR LARWIRES EE PN
Digital methods Organic scintillators Neutron sources Evaluation methods References
ZC BC-501 =Cf FOM [52]

RT, CCM, FGA Stilbene =Cf FOM, DER [55]

CCM, ZC BC-501A “Am-Be FOM [57]

PGA, CCM BC-501A *'Am-Be, **Cf FOM [56]

WT EJ-301 *'Am-Be FOM [58]

FGA EJ-301 "Li-Be TOF, FOM [59]
DFTM BC-501 *'Am-Be FOM [60]

Nakhostin"" A 4 24 5 A0 e 75 1 52 1 I 35 i, ZC
t CCM B A5 W41 1) n/y BB 6 70 s M B s R R
FE I, CCM BE AR T ZC; FF ¥ CCM F1 ZC ¥ J& 3
FPGA, L\ SEHLi# 5 77 % . Buffler VI8 4F 7 CCM
& AT RS &= 0 B N 10~100 MeV ) o 138 5
Hawkes 2570 M 7 CCM . PGA FIRE B fik v 2 1) 18
B, CCM B W = i FOM A, I BEM R R 4
v i 25 S SIS N A B  PGA A DAZE ik e 45 TR 2 i
ST = A 2 TR 5 ST iAok P 2 B v UL B R S vy
BT, AT LAA FEME R Bl 2k EL kR . g5 b aT En g g
o B ) 7 vk B SR R RO SR AR 5 TAE
FPGA S 4 5o
33 HEFEWSUEERA A

B AT EL ) J7 10 IS 0 T e Al D AU R
i, 3R 1 PUME A T PLRE /I MRS E M . Yousefi 555

F) F 7N A% #: (Wavelet Transform , WT) 3 BUSUE 4y
FESRAR TN 1Ay, AN AR AE IS A_E 53 M R~ FAaE
T TR ORI CRRAE IR, TR ER TR A T
THRE ST o Singh S H T —FhIE T B HUN AR
# (Discrete Wavelet Transform, DWT) f n/y i J] 77
A TR AR S Ik HER A S5 N B
PeFs s R VPAT T AN TR BE/N ik ) PSD % g, Forbr db2
BN R UF « Liu SE05 42 T — Fh 1 B
AR e R A HH & 43 T (Frequence Gradient Analysis
FGA) 7772 , A BL A8 45 388 5 5 W\ A2 I S AN AT s 2
) 3¢ e R AR 4, DRR e AR IS R AN 1Y, FFad i RAT I
|87 (Time of Flight, TOF) ¥ 1iE | FGA J7 %) FOM
EILT PGA 7%, Safari 5t | —Fh%: T 1E5%
A % A0 B AR 8 45 o O B AR 8 (Discrete
Fourier Transform Method , DFTM) & i} 35 {5 5 4% ¥
NP 5 (177 V5 A 55 )6 i AT 100~1 600 keV fE
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B HE AN B L CCM 1 FGA 5 75 1 FOM i, 3 H.
Yo ME g A RS FEPE . Lang 25| N T T
e L P 3 AR R A5 7 AR 46 1) PSD B R 1, B
1 0~800 keV fit = U Fl N B n/y BRI RE T . X
I Fa S5 a3 R W T — b o T A0 A A ik
T AR IR 2 YR B Ik e HEARAS: T A i Bl 7V
YT n/y Rk MERRURT B, 51) ) R, 2 w5 S ) A 2
PUE P TP RE 77, T R R T G B 3R A s

BT
34 WEESE

ML %% %% 2] (Machine Learning, ML) f¥) fit. % 7£ T
fif A RE 2V LN ) n/y B, B A IR AR 2
TR B 2 SIRR B 52 2] o 2448 A B 2 S 0 A
y BEAT 73 2RI, 8 8 T 2248 TOF <2 56 ¢ HL A 1) 77
EAVE Ay R . K4 LG T AN
PR AL A% 2 > n/y B3 T IEAH SR AL

4 ETNHRZIE 0y BBIAR

Table 4 Neutron gamma discrimination methods research based on machine learning

BLE2: 21771k A BN LR SRR D RIAWIRES SR
ML methods Organic scintillators Neutron sources Evaluation methods References
BPNN BC-501A Pu-Be FOM, DER [67]

ENN EJ-335 *'Am-Be FOM, DER [68]

SVM, GMM NE-213 JET FOM [69]

DT NE-213 Cf, ™' Am-"Be Relative Percent Error [70]
K-means NE-213 =Cf FOM [71]
Fc-NN, RNN Stilbene =Cf DER, Recall [72]

CNN BC-501A, EJ-276 ICs, **Cf Confusion Matrix [73]
KPCA-GMM-ANN EJ-309 Cf, *' Am-Be F1, DER [74]

YER—FA BN AES B =GR TR, N T
2% W 2% (Artificial Neural Network , ANND 71 6€ n/y
B B T RO R ORI AR ik B A 1S
1) B8 2 A 22 T A B, A T D B N SRR AR () 2K
&, Rk REeck 3 R BRKE R Ik B4
X T RE R T 100 keV 1 H -, 4 28 0 2% 43 R 4T
Al LS RO B A, R 2 208 5% Liu
ST R T — Pl ANN B 50 2% 500 25 B ik b e R
PR AT DA AR A, L AT D[R] e Ak P AR A
LN QLI N iR IR (E P = R =B/ G o b = R E S 1
AR B . Zhang FE g H T —Fh I T RNIA
it 22 W 2% 1) n/y B 5 3%, % Elman # 4 W 2%
(Elman Neural Network, ENN) £ % 4 JZ : i N JZ L f&
2 2 AR E N2 JZ - 15 48 BPNN (Back
Propagation Neural Network) I Ff Il 2 , {75 FOM M
0.907+0.034 # hn% 0.953+0.037.

2 ¥ [\ &= AL (Support Vector Machine, SVM)
FE AR T IS AR — A2tk o 248, DA
DERDFIIFEAR . Gelfusa Z OV ME R X e a) &=
LN = 37 7R A #5784 (Gaussian Mixture Model, GMM)
I T NE-213 3-15 19 #84% 2 48 v 1) n/y ik, ME %
SCFFE M) & HLE K ME 290 Bl N B A S FOM A .
Kromer 257 1 B 183 #% 57 7% 3 40 i A5 R0 10 0 A
SVM X} 22C£-100 F1 **C£-400 1 f) n/y 34743 25, Fed:
HE AL LU AE 2 CR100 S i o i B R S
SVM #H 24, {H 7£°°C£-400 4% 5 3, 43 K KE FE IL

SVM K 1.3% : SVM ¥ 5 A 25 SRAI T ASOR A0 0 50925,
AR B D) A A4 3 T S0 9 4 B, 5 T /E FPGA
SEIL.

2018 4, Dutta 5577 F — M bk ) 3= il 3 23
J7 1% (Principal Component Analysis and Normalized
Cross Correlation, PCA-NCC) M 5 — 4k B AH < 56 /&
2 rh SR URFIE , 3845 1 S B 2L ZE . Alharbi
SEUSIER] T PCA E 85~600 keV 3t P Eb CCM L A7
B = FOM EL, Bk T ARRRAIE 32 22 I BRAE 28 — E 4
& [, PCA BA A Zh#& BUK rh R IR ASHAE T I 200 1 5
PSD Z H AL T 5 BUAR AL 2 . Arahmane 557
M AE f1o5k & B 4 fi# (Nonnegative Tensor
Factorization, NTF) J\ 2K Z, I &t AR D 2% 4 H 1)
RAAE 5 RS, B A H PCA-SVM Y 3R 15
THEEFIFOM A . Hosseini 2870 F 3= T #9840 #
2H 77 5 A1 P 56 B (Decision Tree, DT) 5 7% 5 ##
1 PCEA ! Am-Be W YR I AE T , 5 MCNPX-ESUT
T LR s dEH A
35 R‘BEEBEIFE

To B2 2] T 75 B L S AR A B s SR AT I
g, it RN 7 AR IX 43 FFly. K-means & —
Fhvt BT B HL O S SR B 7 4 ko i TR B AR
X3 NAEE 1A b ) RN SR B L AR R
R A JHG B 2 30 1) 2R 2 v o 0 A ik v 38 TR AT 3R
%5 . Uchida 5871 F HH 22 55 KAk 55032 (Expectation
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Maximization, EM) Fl K-means H 2} iR 5] & F Al y,
GMM 1R —Fl SRS HOAR, DLy 20 e e B i 77 20
FEAR T Sk RE R It , Yo E A E ORI, I8
HAE A EM % 4R 4l i GMM 1 2 3. Simms %5 Al
Blair 258 2% T i i Dirichlet i #2 523 n/y 5 38
RS H0T7 1, 3 D HL K GMM 75 28 48 50 35 7E 1
Wl gmAE TR (FPGAD I, TR B2 R 3R1S SR
SRPATHE . X BRIEES SIS T BT EJ-309 )
A TN R4 F) k-means . GMM . DBSCAN [ n/y 27
14 s Horp K-means 77 V25151 R AN BT, 5 SE B
5 % A B PCA #1 KPCA (Kernal Principal
Component Analysis) X GMM 347 gk & 37 1 PCA-
GMM . KPCA-GMM Fl KPCA-GMM-ANN %5 5 71 ,
AT T T B B R
3.6 REFITE

TR % 210 IS 2 A0 A 258 K S5 A 0
2,88 M T USRS AE SR B ARE F A
PREEATIE, . T LA, Moore 25 fdf FH&E Rl 22 2] Vi 1A
25 [ 4% (Recurrent Neural Network , RNN) Fll K 45
A8 4Z M 2% (Long Short-Term Memory , LSTM) S
T ooy B BE R 2 A R UHER IS B 91%, 1T RNN
1 B A1 I R AN 3R 15 86.8% ) B e 70 SR UE A 3K, H
/& RNN [ T BV M & 2P IR FE g £ .
4 0% B & W 4" (Fully-connected Neural
Network , Fe-NNO Al J= 44 22 [ 2% (RNND A4 ] A
S ERAN K 1 PSD , 18 ] BAVK S AN 43 FEHERR ik
P Fft B9 #8 £ 4E Virtex-5 XC5VSX9ST FPGA |- 5K
Bl . Yoon 5EME H] CCM K ¥ #F B (Confusion
Matrix) 56 1iF 1 2% F & #2448 ¥ 4% (Convolutional
Neutral Network , CNN) [1] n/y B 55l 771 B 5164
N LA W 25 A1 [A] (/) PSD PE &g, [A] BFERH T EJ-276
RN BRI BE 55T BC-501 AR N BRAKR . L4,
Song ZEHE T — P AL Tk 2 i B A5 P AR 4
2 AER AL T M n/y B BELL CNN B 4. B
SRR FE 5 ) 7R — B R B B 1 sy Bhn HETA
AR FIEE AR B

4 MEEETENIERT

PEBEVEAT Fa AR SO 1 n ALy 55 2843 B8 IO RE B AN
)RR . 1971 4E, Winyard %552 ST T3 F4r
n/y BB FOM. n/y U & 20 A 7 i R i
Kl 4 frr , FOM Bt (1) -

N
FOM = FWHM, + FWHM, M

A S AP ANIGEAE 2 18] 1 FE 2, FWHM, &8 /1

I i 1) 2 7 %8 s FWHM, 3 7 y W18 1 2 7 98
Zaitseva 2B N4 FOM=1.27 IS, A HLIN SR A B A
JE 0% 1¥] PSD 14 & ; FOM {H 8 K , PSD V£ e st B 47 .
HAR FOM ] DR GF RN 7 B FE BE  (H 2 Toik v 5
A Z, K FOMAE — M AN BE FAENLAS 5 2 7
R E LS

1.2

Count / 10?

Distance

4 oy R AR R
Fig.4 Distribution of neutrons and gamma rays: double
Gaussian fitting

Ranucci %™ $E 7 —Fh 2L F FOM ) D1,
RRNPANVEETT % (S, S) 2 %2 53518 (var,~
var,) Z AP IR Z L -

Ho 578,

[var, + var,

B %) #% 1% % (Discrimination Error Rate,

DER)" ™™ — i i F 30 AL 28 2% S Bk M fe , &
SN

2

DER, =

n

‘N“—N x 100% (3)

nc
n

Nv B ch

DER, =

x 100% )

A NN NN, 73 3R R 7 F A S IR )
KW HAE Ly FA LM IER KWy H
4.

VR ¥ R B AT DA O W Hb s B n/y 1 2R &
RO BT T EURE R (P AL B R (R, 1T F, 70 %
(F-score) 1] A7 & 73 K48 M 25 & 1 Be , il E P A R
RIRNA:

2xPxR
PR ©)

EPH 4 % (True Positive Rate, TPR) A1 FH £ 2%

(False Positive Rate, FPR)Y 1,32 — 83 i VR V& 1 [

F,
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