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Gamma spectrum analysis method for CLYC detectors based on
Monte Carlo-simulated energy response

Li Yuhao, Zheng Honglong,  Tuo Xianguo, He Ping, = Wei Shiping,  Yang Jianbo,
Wang Chaolin,  Li Yuhang, Yuliajia, Deng Qiyuan
(Research Center for Ray Detection Discipline and Technology, Sichuan University of

Science and Engineering, Yibin 644000, China)

Abstract:  [Background] Precise y-ray spectrum analysis is essential for nuclide identification and activity
quantification, but faces significant challenges when using low-resolution detectors such as CLYC scintillators in
complex radiation fields. The limited energy resolution of these detectors often leads to overlapping peaks and
obscured characteristic spectral features, which complicates accurate spectrum interpretation. [Purpose] This study
aims to overcome the inherent energy resolution limitations of CLYC detectors by developing a spectrum
deconvolution method that can recover clear spectral information and separate overlapping peaks in complex y-ray
spectra. [Methods] A detector energy response matrix was constructed by combining Monte Carlo simulations to
calculate y-ray energy response functions with an interpolation method. Response functions were derived across the
0—3 MeV energy range at intervals of 0.05 MeV to ensure high precision. Spectrum deconvolution was then performed
using the Maximum Likelihood Expectation Maximization (MLEM) algorithm, which was then applied to analyze the
original complex spectrum. [Results] The method was validated by unfolding the spectra of a ***Ra source, a mixed
“Co—~"""Cs source, and the complex spectrum of '’Eu. The unfolded spectrum exhibited well-resolved characteristic

peaks, effective separation of severely overlapping spectral regions, and stable quantitative results for characteristic
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peak areas. [Conclusions] The proposed approach significantly enhances the precision of y-ray spectrum analysis with
CLYC detectors. It successfully reveals the energy and intensity information of incident y-ray, mitigates the detector’s
resolution limitations, and provides a reliable method for analyzing spectra in complex radiation environments.

Key words:  spectrum unfolding, MLEM algorithm, CLYC detector, response function

H fili 42 2% 0 1 Cs,LiYClg( CLY C) F I #5% 2 — e L v 700 5 5 20 XUREH DN 136 07 i B 0 245, 5 P T 22 2%
FRA A S N AR i, CLYC @ T80 UK & A 28 R A i, LA UR JLAME B D= Bl e L e Bt 2 B Bcar L Ak
Lo gl me ARG L - RO g U S AR, CLYC 4RI #5% 1Y e i 73 BE R TE 0.662 MeV 4b — ity 5%, B AL T4k
B, B A TR — 2SR SRR B8 A LA RS 2, AE H R A AR S v, R RN T KRR
W22, FERE TG B U Y M SR AR, T R R 4 N A AT Sk T — i Y PRI, I R AR A R 1 oA TR R B 4y
T 7 T 5 ) 50 B O, SR G A A O I AT DL TR RN B — B R UL A A O A e e L R
Gravel ¥, P2 25 J7 1 | AR A1 L AR A AR SOl S8Ry R 0 O i DL AR CLY C #2819 y S i he i
M 37 PRI K3C, 3 gt A (L 9k R A5 0 2 %) A 5 R B, 45 A MLEM A KR AR 301 28 o K b B3 ik, SE BT Ra A8
T, “Co - Cs IR A HB I 2 Bu & 22 BB I AT, XHRRIE B 8 06 057 AR AE W 10 AREA T T VAR R B S5 1A, AR
7 R R 8 A A A s B AT S

1 REB57F%®
1.1 BEMBARE

CLYC #RI #5005 y GE T, W] LABR M R & S 09 T A y S, B — 30 4 BB 05 70 4000 45 Hh 5 RS 8 e iz, 4F A
PR &8 09 v 6T REWETE v RIS 9 B — D TE L L8 L AR AE— MR AR TR T — B, A i AR 2 Y
YR TFER —E I B S IAATHECE A, B i) ] BRI 250 A 1 — > v BB . AR iz B v, BRI A Y y AR R
SRR R v 6T 5 BRI 4R 68 e N 5 B, B,

N-1

Wiy =) i (), i=12, N (1)

Jj=0
Ao y@) B IMES Gy BETE; i MKy BEIE AV TE LT 55 v, ) A BRI A5 A BE b, BRI SR A ik 7 A X N BE Y
L AGEy B FAEERE i b 5RO R g RIS y 6T, j MG y B W IE Ik 755 N R BB 3 18 Bk 4K,
1<i<N,1<j<N, FRATBCHHEBIER

(1) rn(1,1) n,2) - ry(1,N) g(l)
y(2) n2,1) n22) - rv@,N) g(2)

S il B : : 1 (2)
Y(N) rn(N,1) nN,1) - ry(N,N)] | g(N)

K Y=[),yQ2),---,y(N], ¥R 800 25 09 %5 By B8 1% 55 B 5 R = [n(1,1),r(1,2),--+,ry(N,N)], R R W) i 4 5
G =[g(1),8(2),---,g(N)], G R 5 UE v G+ My RE %
1.2 MLEM &%

BT B T AT 5 R, T R B G 09 R A R AR T I R AT R A, B AT AR AR IR Kk S B R sy G TR G, SRR
y BEIS AT o A SCR R OR AR AR 0T B de K AL VR X g i itE A7 R B kAR

MLEM $75 J2& 3 AR PR BE LU IR S i 00 22—, i B 2 — P L IR G TS R 1) SR A fe KRS A 31 1%
REE, AT IR/ Z3fe s | 100 4E PR A AL e RE % 40 B D7 vk, HLRE AT 2003 I A% 4 0 vh g e 31k & O, BLih T
LRI S, 75 52 55 15 5 LG i [R) B A8 4% o o I TR, A3 RIS T BRI 25 14 JR E 0N, BRI T S Y A BERE T,
IRAN TR G 5 B RN L B BB

MLEM $35 i 1% AR A% =0k

G(k) N

j Y;
< § Rij— (3)
e

DRy T Y RGY
i=1

i=1
2o kS IEARREG GV &t k WGE R 5 j T T A THEG Y () I A 2 3% h 5 R A THEG Ry S i

096002-2

(k+1) _
G, =




i, S JETSERARILGE R WS CLYC SR &% v fe ik i i 77 %

WEIT 25 N Wy RETEIE HE 9 2 50 R(E. &)
1.3 MR SEREMIE %
M S5 PR 502 i 3 R 0 4 %o PR B A Sy S R Y A - —— \
BT AE AR TSR  BEE A R, Wi g, 0 a0 @) =Gh
B 0 O L I SR . AR R AR R i R e, 2 | Voo \
B SRR LA R (5 24 A 0% 26 I e e 2 19 ] 15 SR W P\
F4 RS B, f ] MCNP 4 8] B 0.05 MeV A5 81— 4~ 1 17 1 Rzéb 0 ef(‘)\\ e(j) \ef@) FON
B4, 8 A7 (R S AT AR PR I 0L pR B ) TR R O —
BB K. P 1 BT, B G IR A W R R K4 ) S ‘ L W \
Ri(E, )T Ry(Es,e), ¥ S RTWA I s A1 40 g Aoy . — B all) el e &(3)
BB AR B E B N n Do RIG eI LIy 251t B 45 3] Fig 1 Interpolation method between two simulated response functions
FEANF B R T R B R(E,, €)W 37 1 p.041 B PSR 7 pR = (8] A4 48 v
a®=g:2kM%@®HQ®,k€@m (4)

X F AR k FEEA e, T VLI — X K ei (o)« ea(in), 7390 A
ei(jo) —ek—1)

€1(jk)=m[el(k)—el(k—l)]+€1(k—1) (5)
G0 —eitk=1
ex(j) = LRI () - st )]+ stk 1) (6)
AT R BRACR, | Ry, 8 LA

Yilj) = RilELei(ol,  »200k) = Rol By, ex(ji)] (7)

SRR, D 5 PR KCR X O ik e 0 1 P 97 124

E -E . . .

yﬁ»=a_ébum—mmnﬂmm (8)

FH E R4 8 75 20T DA AE J0IT A % il 7 PR AR, 308 ot 32 R TR SRR AL AR Y ) R DX s, AT L SR R S 3 L P
A1) 13 46 P R
1.4 BEIZRRIT TiERTE

FET LRy BRiE AT 7 R . MLEM 32 AR 5803k A K g 1 R R 47 18 7 125, AR SCHRE R 9 CLY.C #8025 v AE 15 i 7
B TAETE R QB 2 o, 327 Shy i S e ) R R 335 A BT 79 1 A B

T G 1T MCNP 2 37 800 25 4 BB AR, 31530 AS (R RF AiE B 52 T 1) 7 e 45, it i AR 0 i 1 5 0 ) 22 s G R
R S B, e S B S y i % R 9 B AR MLEM 34X B2 R A7 0 1 AR R A, e AT BT y 2R Y BUSE
AETE, MM SZEXT CLYC R 48 (4 v RETE AT o

2 X Iy

K CLYC #5100 38 K i A 28 G806 5256 2 (AR HE v JR'YCs. “Co. Ra #EAT v AE TSI & S 56, WRUHCE TR0 2% 1E
R 5 em Ab, 1% B I 4 B (] 10 min, 401 3 FF7R oS55I 48 75 21 19 97Cs—Co TR & U5 v BB 1% M Ra 1 y BEIE W 5] 4
JroR, Hh K 4(a) h"Cs—"Co IR A I v BETE, 51 4(b) H™Ra 1Y y BT . # i IHEAG ] Cs—"Co IR A IR v RETE 1R
fEBER 0.662 MeV., 1.173 MeV., 1.332 MeV XJ L i F 5 5 43 %1 24 0.070 12 MeV., 0.07939 MeV., 0.08402 MeV,
3 GRESW
31 CLYCHRMFBRFER

R AT S e ek L FE A RS A R R X BRI 1 5, TR B AL AR Yy RE T S R TR, (R
T s 52 PR 2 i 40 A5 B R 25 . 72 MCNP h a] LLE 3 FTS GEB - 4 A /85 597 8 5 22 505 00 %) R 12 I70 AR i 114 s 20 e
TE MCNP f, SR SE 0 3 R fla, b, ol L0519

UFWHM=a+bxm (9)

096002-3



wmoOoW e 5 K TR

X a. by cHEWIETERZEG opwan MARETE K5 T E W ABE FRER o ARIE SIS A S 80, IR (9),
RALCo FI¥Cs 1) 3 2H 25 5 5 e = OB HE, Wi BRI — Nk BR 4, {8 A Matlab oK #1272 4115
Fa. b, ¢ 4514 0.072895. 0.009079. 0.000669.

constructing CLYC detector physical model

A 4

calculating response functions with MCNP

I computing response matrix via measured spectrum of
| interpolation between adjacent energies radioactive source

I
i v

! solving with the MLEM iteration algorithm

Lo o e e el . A . ._. .
A 4

spectrum interpretation results

| |

identifing nuclides by characteristic calculating characteristic peak areas
peak positions for activity analysis

Fig.2 CLYC detector energy spectrum analysis process
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Fig.3 CLYC detector energy spectrum measurement experiment
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Fig. 5 MCNP model of the CLYC detector
5 CLYC R MCNP %

3.2 CLYC M R e # % Mm R %6 P& it &

MR8 BT 57 1 CLY C 4RI #F MCNP A5 A4 3153000 1 pRAS, $EHL 0~3 MeV BYfig i X [R], % [H] % 0.05 MeV I8 —14>
Wi 7 PR 50, ST 575 21 CLY C 4 I 25 % 25 55 4% 1) 8 s i 7 4N 151 6 T o ARl 3 (4) ~2R(8), AT AYE B 3 il 9 4
(BRI 0, R, ST UM TS R I BRI, MATTTARAS CLY C SRINZSXH (I SR A RE AN e AR I R, W] 7 B

——0.05 MeV—— 0.1 MeV——0.15 MeV—— 0.2 MeV—— 0.25 MeV—— 0.3 MeV
———0.35 MeV—— 0.4 MeV—— 0.45 MeV—— 0.5 MeV—— 0.55 MeV—— 0.6 MeV/
0.01 | ——0.65 MeV—— 0.7 MeV——0.75 MeV—— 0.8 MeV 0.85 MeV—— 0.9 MeV
——0.95 MeV. 1.0 MeV- 1.05 MeV- 1.1 MeV 1.15 MeV—— 1.2 MeV
—— 1.25 MeV- 1.3 MeV 1.35 MeV- 1.4 MeV 1.45 MeV 1.5 MeV
—— 1.55 MeV. 1.6 MeV- 1.65 MeV—— 1.7 MeV 1.75 MeV—— 1.8 MeV
—— 1.85 MeV—— 1.9 MeV- 1.95 MeV—— 2.0 MeV—— 2.05 MeV—— 2.1 MeV/
——2.15 MeV: 2.2 MeV 2.25 MeV- 2.3 MeV 2.35 MeV- 2.4 MeV
0.001 1 —— 2,45 MeV—— 2.5 MeV——2.55 MeV—— 2.6 MeV—— 2.65 MeV—— 2.7 MeV.
" \ ———2.75 MeV—— 2.8 MeV——2.85 MeV—— 2.9 MeV—— 2.95 MeV—— 3.0 MeV/
g
S
=]
g
'Té 1E—4
] .A'A.t.A.A.....Q ‘l"' '
: i A A AT i SANN ' '
| VSRS
e oy ST\ VL T\ \
A
| l H”HW“‘»M“‘W
1E-6 L L

0 0.5 1.0 1.5 2.0 2.5 3.0
energy/MeV

Fig. 6 Energy response of CLYC detectors to gamma rays
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Fig. 7 Energy response matrix of CLYC detectors to gamma rays

B 7 CLYC #RIM 28 y 565 26 i i) 07 46 B R

R 4F, 0.662 MeV, 1.173 MeV., 1.332 MeV —ANFEAIF U6 43 B S5 58 I35 B, "2Bu & 2% BE 3% 19 52 06 X 38045 31 T A RL

S, B 3000 YR ARIRECT MRS EOR S TR 1

2x10* + —— measured spectrum
£ o k
g h L ! !
2 1x10°
© —— deconvolved spectrum
0 \/\]\LA—/N/\I L
0.5 1.0 1.5 2.0 2.5 3.0
energy/MeV
(a) 50 iterations
2x10* + —— measured spectrum
g \'M
z 0 . . . .
6
° 2x10 —— deconvolved spectrum
0 hJ\ A\ A e TN ! 1
0.5 1.0 1 2.0 2.5 3.0
energy/MeV

(c) 1 000 iterations

counts

counts

2x10% + —— measured spectrum
0 ¥ .
6
1x10 —— deconvolved spectrum
0 J\/_f\/i\ S N N 1
0.5 1.0 1.5 2.0 2.5 3.0
energy/MeV
(b) 100 iterations
2x10* —— measured spectrum
0 L\WK«‘ . . s
6
310 —— deconvolved spectrum
0.5 1.0 1.5 2.0 2.5 3.0
energy/MeV

(d) 3 000 iterations

Fig. 8 Comparison of spectrum unfolding results under different iteration counts
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Table 1 Results of energy spectrum interpretation
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0.196 0.02387 0.00581 66 65 12.17 2.97 75.60
0.295 0.02855 0.01565 93 95 9.68 5.31 45.18
0.386 0.03912 0.009 65 124 122 10.13 2.50 7533
0.647 0.06931 0.01098 213 212 10.71 1.70 83.25
0.662 0.07012 0.01525 223 224 10.59 2.30 78.25
1.173 0.07939 0.05184 390 390 6.77 4.42 34.70
1.332 0.08402 0.05149 446 445 6.31 3.87 38.72
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Table 2 Calculation results of peak areas at different numbers of iterations
peak areas for different energy/MeV
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1000 12227 14195 23157 24976 145330 478110 506116
2000 12128 14052 23225 24891 144097 480865 497697
3000 12114 14005 23282 24857 143585 491375 490585
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