Fa1HE F 1M ¥ $# AR NUCLEAR TECHNIQUES Vol.47,No.1
2024 F 1 1 www.hjs.sinap.ac.cn January 2024

ETF 4G-RTU 897K v i ST 1 £ 2%
s 22 3 it

Sljﬁ Hé 1,2,3 EEi‘KE 1,2,3 :_Ei#ﬁﬁ 1,2,3 Eﬁ%? 1,2,3 gj&%% 1,2,3 EEEU%‘J‘ 1,2,3
1O AT & A O FAZKE 050002)
2(EF N B AR S R PG AR A 050002)
3CHZAZ B2 I I DR R B 70 A5 050002)

FEE  EIXT S ATHETE A K E TR S U RS A 20 M A 1 A ) B S B 7, R T — Ay
PEAELR MR R G Wl R 495 b T Nal $R D5 11 y 59 28 Il 256 15 L 4G i@ 72 2435 (4G Remote Terminal Unit, 4G-
RTUD B (5 H 70  ft HL— R Al Bl /K P 77 A2 B DA B AR 2 A R MR R GE T JE 1y S 42 M 00 255 8 1 2
FPERE TR bR RG0S NV FIERA M DL R ThRESEMGR, SRR 1 AL A (0 L UG B 0 s, 3R AT T AR sk
DFRAR IR LG0T, HF R T A1 BT, 45 R 80 76 4G 48 3 55 VS BBl Y, 2% R GL R 6 S I 4 K B ize 2
P ess, SERCSERTTELRIRIN AR, AR, ABTHHTIGE. RSN AIRNEERIEE30~3 000 keV,
X 1Cs [ 662 keV y S LR IR B2 HE RN 7.3%: O TII 2 614 keV y ST £R K AE IR 9 0.33% , AE Tl it B LR ML
790.999 9705 RATEELE TAE T h 4 AF T, e i A e P KAE N 2.28% , 5 /M N-2.36% , X "*'Cs [ 55 /)N iT -
1% £ (Minimum Detectable Activity, MDA) A 0.75 Bq-L™; R4t 1 TAFEE L A-5~+50 °C. Z RS H Tifs
TR AT 7R P TS A 8 M R 1 2 M ATk, LA R P HE AN S Rl

X$21E AG-RTU, JKEE, v, i

FESES TL751,TL816'.2

DOI: 10.11889/j.0253-3219.2024.hjs.47.010402

Development of an online monitoring system for water body y radioactivity
based on 4G-RTU

ZHANG Sheng'>*  WANG Yongjun">*  WANG Ruijun"> HUANG Qingbo'*’
ZHANG Chunlei” WU Mingyang'**
1(Airborne Survey and Remote Sensing Center of Nuclear Industry, Shijiazhuang 050002, China)
2(China National Airborne Monitoring Technical Support Center for Nuclear Emergency, Shijiazhuang 050002, China)

3(China Nuclear Emergency Aviation Monitoring Engineering Technology Research Center, Shijiazhuang 050002, China)

Abstract  [Background] With the rapid development of nuclear energy and the wide application of nuclear
technology, the radioactivity level of bodies of water has become a highly concerning issue for the public and
governments, especially after the Fukushima nuclear accident in Japan. [Purpose] This study aims to develop an
online y radioactivitymonitoring system based on 4G Remote Terminal Unit (4G-RTU) to meet the needs of online

and emergency monitoring of water radioactivity. [Methods] First, the y-ray monitoring device based on sodium
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iodide detector, 4G-RTU, an integrated power supply waterproof and compression resistant floating device and
corresponding software were employed to compose an online monitoring. Second, Qt programming control software
was used to realize the remote control of the system, real-time radioactivity monitoring, and data upload. Finally, the
original data obtained by the system were used to test the performance indicators, applicability, accuracy, and
software functions to verify the practicability of the system. [Results] Within the coverage of the 4G network, the
system realizes remote control of equipment, real-time online monitoring, and data upload throughout the day. The
detectable energy range of the system is 30~3 000 keV, and the energy resolution of the system for ¥’Cs at 662 keV is
7.3% with minimum detectable activity of 0.75 Bq - L. The spectral drift for **Tl at 2 614 keV is 0.33%, and the
linearity of the spectral energy is 0.999 970. The maximum value of energy spectrum stability is 2.28% for 7 h
continuous operating, and the minimum value is —2.36%. The operating temperature range of the system is in the
range of =5 °C to +50 °C. [Conclusions] The on-line monitoring system meets the application demand and achieves

the expected function. It has important popularization value and application prospects in the field of online

radioactive monitoring of bodies of water such as oceans, lakes, and rivers.

Key words 4G-RTU, Water body, y radioactivity, Online monitoring
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Fig.1 Architecture schematic of online monitoring system for y radioactivity in a body of water
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Fig.3 Schematic diagram of the networking mode and order flow of the 4G-RTU communication unit
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Fig.4 Schematic diagram (a) and photograph (b) of the floating body unit
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No. Nuclide vy Characteristic peak / keV Peak channel Half peak width Energy resolution / %  Measuring time / min
Cs 662 54.573 3.98 7.296 85 10

2 Cs 662 54.565 3.96 7.260 84 10
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Table 2 Energy spectrum peak drift test results

FFe R yRHEE WA AR 3 - T b o FRR i 22 DI TR]

No. Nuclide v Characteristic peak / keV ~ Peak channel  Preset peak channel Relative deviation /% Measuring time / min
1 1 2614 222.750 222.947 0.09 10

2 1 2614 222.219 222.947 0.33 10
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Table 3 vy energy window settings of the system

] % Tk fe Ay
Window Nuclide Channel range Energy range
/ keV
BE(TC) — 1~240 36~2 810
BIE(K) “K(1460keV) 116~133 1370~1 570
HIE(U) 2Bi(1 765 keV) 141~150 1 660~1 860
L% (Th) *T1(2 614 keV) 205~240 2410~2 810
Hi % (Cs) 'Cs(662 keV)  50~60 602~722

T4 RGREMMRAER
Table 4 System stability test results
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Time / h TC K U Th

1 663.00 14.53 3.19 2.65
2 664.77 14.64 3.26 2.71
3 667.62 14.51 3.31 2.65
4 665.93 14.56 3.30 2.69
5 657.82 14.37 3.22 2.62
6 653.56 14.16 3.25 2.66
7 651.12 14.11 3.17 2.59
N, 667.62 14.64 3.31 2.71
N, 651.12 14.11 3.17 2.59
Nj 661.02 14.43 3.24 2.65
5. /%  1.00 1.52 2.00 2.8
5./%  -150 219 -236  -2.32

TE £ Ny ANy, 70 99 22708 Bt 20 B0 S K AE AN /MBS 6, (%)
A 6,5, (%6 5353 21 BB A0 e KA AN fo /MBI AR RGURE 1

Notes: N, and N, represent the maximum and minimum

max min

values of the dataset, J,, (% ) and o, (% ) represent the
stability when taking the maximum and minimum values of the
window data

R RG] I [ IE S AR LR I, 7E 4G 90 2% B o A1 L
BRI N IR B DL, Bl AR 1IR3, FE 285 5
TS RERS B IE R, kAR R . R LIRS

@

Count Rate /s!
— (] w - W (=} ~ oo 0

788 =5 Gl At o2 I 78 KO Mk, ik 7
PN BRI A B TR A PR s RS 847
B8 G, 16 AR /NI R 3 2 BT/ R % 5 °C I IE]
B, N EIR+22 °C, 3 5] R FI-5 °C, 5345 FFH &
+50 °C, fF ¥ 5) F R 2 = ii+22 °C, LK 22 h, W52
T AR AL 5] AL I B B B R A T, BEOR R G AT
HLSRERE R Bdis 1% . MRS5S R, 7 -5~+50 °C
BIEVEH N RGBT IR, SREREIE 50 5%, Hop
FE+33~+50 °Cifft BE I N, TC & v Es SRR A
B, 1 KO8 Th & TH R ARG 8, U B4 3l
vt P e 7 S P52 3 Bl P 75— 20 Uk B IE .
11 () ARG TAEE MR A, B 11 (b) N (]
P AR A 10 SN B K 2

2.4 RGEIFRMIZEVCs /N IRNGEE IR E BT

b

=

FE 7K AR TR BE AT DU B I, BT 7K A B T80T
PRI B 7K P3G , I & () T S AR IR TR A A
BRI L 8 A, R, d D AT BRI R
(Minimum Detectable Activity , MDA) & 5%l & 4tk
WERENERSHZ —. EEEMENIS% T
BT, R 2 S0 MDA 7] 20 (2) 515 3 -
MDA - 2.7; X+ 84;6513 VN @
A NNAJE 5, N=Bxt, B NS A% R AR
TR s 1 N R GRS 8] 5 6 R R GRS ; P
S 2R SRR
KO, TCsTRMAZE ¢ & RESH. BT3¢
B0 25 A B BR 1), 9 1 B FE y REVE AR PRI R BR L 42
I 1 B 1R Cs A AR YR, 38 st b 1 S5 50 N
AL TCs B HE 15 VR 07 SR SR BUAZ 2% ' Cs AR
e A A A2 T H YCs [ MDA AR 7572

T T
HL-\J[ I —— VK2
Jﬁ | "\ —yu1

1R 1765 keV —=— YThl

|| | ——YM2
| ‘I'P“ 1460kev;E —+—YB2
il

2614 keV
1

50 100 Chamnel 150 200 250

10 YM2 BEBSINRE () RS 25 (b)
Fig.10 ' YM2 model test photograph (a) and measured spectrum (b)

010402-7



i MESE: BT 4G-RTU BIK Ry BUM PEE LR BT R Se it ]

®)

1 000.0
AL A AL ARSI AAMAAM A MMM AN M S M 420 8ALSY
100.0 o
” *K
S +U
2
£ 100k Th
-] ey
=
2 Ragtie
10 k
01 lllllllllllllllllllllll

252015105 05 0 5101520253035404550454035302520
Temperature / °C

11 ARG CARR N U T (a) A0Sl & $ods H 22 (b)
Fig.11 System working temperature test photograph (a) and
measured window data curves (b)

IRITE

DMAR A HE % . IR % T 5K EHH Y.
R B2 1 " Cs bRAERYR 1A, g5 041213, 4277 H
AN 2013 %4 A 12 H, #5 £ 4 309 Bq, i# E A
341.4 g, IE H AT d.=7.5 cm, & ho=7 cm; (KA JE A
BEMLE 1A BRI RIS R 1 8 kB AR =

(a)

7.5 em, i . =7.5 cmo
DIFEARI T R RIS B T4 B il = R
Hls, R G TIAFESE 30 min J5 , < A B llcE L%
TFUERAT A &L, KRR [ BN 2.1 s, RGELL
TAE 15 h, SEIHESRAF it 256 18 e 1 B , JLR a3
25 677 HA R IEHAR -
3)VCs hRAEARIRI L . 5 Cs AR AR IR B T
JoF i S PN TR R o, RN 28 55 T AR IR TR 0 b
77 1 em, 5% Y B = b 55 FRUREEAT VCs bR v 1A
P&, RPN E A2 s, RAEEL TAE
7.72 h, SEIFIC S AF Gk 256 18 BEE B, SL 3R EL R
13 237 4 "Cs AR YR G £ 8 o
DT Cs B IR THEER, SR Cs RN 2%
oo I XS IREUI G HHE FEAT AR R AT AL 22, i bk
16 [ 15 B N 50~60, 3K 3 Cs & 115 R N, =
0.901 s It 5 Cs Y5 T B 4=257.038 Bq, 1&
U V.=309.250 5 cm’, Il & I 8] =27 798 s.  LASCR
PETTE AL R ER Oy ORI B 81 he =7 em AR 1)
RV, ~1 436.8 ecm’. I 5K 5 AR Y
(RS PR Y AS DA 35 D 309 Bq 1 'Cs AR iE TR TR
PERE T HRKE 1 em Ab, U AH 24 T 26 55 K TH
lemo BT8Rk EHPERHSHERNES A
1 om, fBE £ 1 L5 0 2B AN T, IR SK 0 B D 7
(KA AR V. =44.178 6 cm’, [K Ik ¥'Cs [ 2R 2
e e=N, J(AXPXV SV ) =13.41%
SHFHAROTHHEARR]Cs FIMDA. £ 1T 0]
M1, ¥Cs ] MDA }y 0.753 781 Bq -« L™ Gl & B 18] -
7.72 0, AR WA RR 1 Bq- L OB SR . G A 3
Bl 12 ) Frow, 4S9 Cs 22 B AR 5 1ok 26
WE 12 FiR.

X X x
x X

o Tx XX

;3.;,-&>&‘***

c”

=} =3
(=) =]
TTE .'x'..x‘(a( T

x  Cs Source Measured Spectrum
®  Background Spectrum
Remove Background Spectrum

12
Fig.12 Photograph of "’Cs volume source and lead chamber (a) and spectrum with removed background (b)

f

50 10 200 250

0 1
Channel

FTCs PRI B Y E IR () Rl TCs 2 R AN IR S IS 2 (b)

010402-8



% AR

2024, 47: 010402

3 RGP NH

T B AEATE 1 () AR AR y TR PETE 2R MR R SE 1
SEF VR SEVE 750 S I T JE T 10 St
AR o I A5 T K K B 78 10, KR 2218, K TR
IS KIRRFRLE 2.0~2.5 m. B 4L B
— R R B E Ry SRR E T RGE TKE
TRPE 1.5 m, REER A1 B N 2.1 s, R A H E0FR I
FELR IR R R 3h R 4, it 4G W48 R & 1)
TR S A 2 T AR O . RARIEBLELT
N 21.45 h, KA B 36 798 4, Hoh R4t 1)
Ae MR H e 5 598 41, SR 220 & £ s 2 31 200
H. EFXT31 200 4 A8 1S R ) TCL K U A1 Th % £k
I, 4% I8 BALRAE 18] 300 s, i 3% 1 BUR (22 AL 1
BLIFREAT T Guvt-or i, INECHE 45 S B0, At A 7K 3
AR AR BCR AR K, 1T K UL Th i BCR AR 1L A1
WP RRE » AR IR 5 150 I s K S8 1 T
S AT IR KT

RN T BRI AT SR TR A RN
WAT TIESE3 A2 AMSEIRRN . &5 R0, 0F
il (1) 22 G2 B8 SICEIL 7K AZR o THOSRS 1 P U e 2 1
a2, HL7E 2578 25 140 30 B P B mT D) W s 58 o
P 13 g AP I W00 A sk B 3 BR A, B 14 8 TC

13 AFER TS BLA R
Fig.13 Actual on-site photograph of the measured field in the
Taiping river of Shijiazhuang city

4 5B

A s TSI 7 2 O 7 21 00
SRR, W T — 253 T 4G-RTU /K y UM
LU ARG, TFIR T ARGy T2k 05 0 B 0 %
TV R b 36 SE  FE  E  S2FFE LL J E
PR RO TH AR . MRS TR % RS
IR S TR, ST T 4G 0146 18 25 136 Bl Py 46010
SRR O 1 S A B L S AR
Gt ST, SRR AINCR R , 1% 5 S 7E 4G

2878 5 (1Y R Y 5 AT AN A2 3t 3 0 A D R s i s A
A ST AR BB PR, HRA 32 mT g L g A
Y 3 AR S5 s, ] DA KA T 5 R R
WA I 70 5 SR R AL W] 5 AR A BB S5, 2R 7K
A TR P A 2 M N AT LA B ) T A A N
i R#MEVFHE T GELEHEALS L. KA
EARAEE L ALUHARRERE LR IAHR
REABL.HAAEHARAAE L ILREAXALS
T FIFRARARGIURAKE L. RTKE
TREH B Fde 5, R E =X M ZH A
¥ FEHE ITERKR KRE CEE IRENAE
SRMWE R,

EETIRAAERR KA TU URT 7 kT KR
OB A ERERFT R X F R EEE. T
EESF AR IHREATRXFZ TR L
BN HIE R AR RE LT REE R
REE R 2 RARR; KA AL CEE,

Sk

1 MR, IR, O, A B B B R TR R[],

B SR, 2022, 40(24): 20 - 30. DOI: 10.3981/j.issn.
1000-7857.2022.24.003.
YE Qizhen, SU Gang, HUANG Wen, et al. Research on
development strategy of China nuclear energy
modernization[J]. Science & Technology Review, 2022,
40(24): 20 - 30. DOI: 10.3981/j. issn. 1000-7857.2022.
24.003.

2 XIZEHR, R, BRARRT . AR B IR R e
[7]. RH%S91, 2022, 40(11): 88 - 97.

LIU Yuntao, AN Shizhong, LIANG Jixin. Current status
and prospect of nuclear technology and application[J].
Science & Technology Review, 2022, 40(11): 88 - 97.

30 AR, FUIET, EAVE, & KRR RO TS e

M [J]. ¥ %24, 2020, 19(1): 75 - 79. DOI: 10.16432/j.
cnki.1672-5360.2020.01.009.
XU Yuan, KONG Haiyu, WANG Xitao, et al. Radioactive
pollution in water environment and its measurement[J].
Nuclear Safety, 2020, 19(1): 75 - 79. DOI: 10.16432/;.
cnki.1672-5360.2020.01.009.

4 Buesseler K, Aoyama M, Fukasawa M. Impacts of the
fukushima nuclear power plants on marine radioactivity
[J]. Environmental Science & Technology, 2011, 45(23):
9931 - 9935. DOL: 10.1021/es202816¢.

5 Nakano M, Povinec P P. Long-term simulations of the

010402-9


http://dx.doi.org/10.3981/j.issn.1000-7857.2022.24.003
http://dx.doi.org/10.3981/j.issn.1000-7857.2022.24.003
http://dx.doi.org/10.3981/j.issn.1000-7857.2022.24.003
http://dx.doi.org/10.3981/j.issn.1000-7857.2022.24.003
http://dx.doi.org/10.16432/j.cnki.1672-5360.2020.01.009
http://dx.doi.org/10.16432/j.cnki.1672-5360.2020.01.009
http://dx.doi.org/10.16432/j.cnki.1672-5360.2020.01.009
http://dx.doi.org/10.16432/j.cnki.1672-5360.2020.01.009
http://dx.doi.org/10.1021/es202816c

i MESE: BT 4G-RTU BIK Ry BUM PEE LR BT R Se it ]

420
3.90
3.60

330

TC Count Rate /5!

3.00

Accumulated Sampling Time: 300s Mean Value: 3.5315 Standard Deviation: 0.1180

2.70
0 50 100 150 200

Point number

0.14
_ 012
< 0.10
3 008
E 006
S 004
0.02
0.00

Accumulated Sampling Time: 300 s Mean Value: 0.064 1 Standard Deviation: 0.014 2

0 50 100 150 200

Point number

o
o
%

o
=)
=3

U Count Rate /s
<
=
-

g
o
[

Accumulated Sampling Time: 300s Mean Value: 0.0352 Standard Deviation: 0.011 1

b 50 100 150 200
Point number
0.08

B Th Th Mean Line

[l

< 0.06

@

5

~

s 004

2 i

<

= 0.02

) Accumulated Sampling Time:300s Mean Value: 0.0370 Standard Deviation: 0.0113
0 50 100 150 200

Point number

E14 TC.K.UAFITh & 505300 s (14540 2%

Fig.14 TC, K, U, and Th window count rate curves for every 300 s of sampling time

"'Cs dispersion from the Fukushima accident in the world
ocean[J]. Journal of Environmental Radioactivity, 2012,

111: 109 - 115. DOIL: 10.1016/j.jenvrad.2011.12.001.

T, X ZE M . AR B A% R K ELHEAT FE (D). 8
AT, 2019,35(11): 1 - 4.

LIU Yanfang, LIU Junwei. Japan plans to discharge

Fukushima nuclear wastewater directly into the Pacific

radioactivity monitoring program and analysis-detection
methods in the nuclear emergency situation[J]. Radiation
Protection, 2013, 33(1): 49 - 53.

K5, BEE, BE, & T RARE y i 75t i K
EEN BT[], 584 P4, 2019, 39(6): 456 - 462.

MI Yuhao, MA Hao, ZENG Zhi, et al. Study on direct

seawater measurement by ultra-low background gamma

Ocean[J]. Ecological Economy, 2019, 35(11): 1 - 4. spectrometry[J]. Radiation Protection, 2019, 39(6):
REE, FER, MR, S UGN SUE L 1 0 5 456 - 462.

FRS I T VE ). S5 B4, 2013, 33(1): 49 - 53. 9
YU Wen, LI Yiliang, HE Jianhua, et al. Marine

010402-10

XA, R, T, &5 e T O P AR A A
T 53R B [T]. M PEE R, 2012, 31(1): 88 - 93. DOI: 10.


http://dx.doi.org/10.1016/j.jenvrad.2011.12.001
http://dx.doi.org/10.3969/j.issn.1001-6392.2012.01.015

% AR

2024, 47: 010402

10

11

12

13

14

3969/j.issn.1001-6392.2012.01.015.

ZHAO Shaohua, HOU Shengli, XU Jiang, et al. Research
and experiment of marine underway radioactive detecting
instrument[J]. Marine Science Bulletin, 2012, 31(1): 88 -
93. DOI: 10.3969/j.issn.1001-6392.2012.01.015.

RN, BB, KA, 5 T ORI AR TR 1 R
7 M T AR GURTE T[], W PEER AR, 2019, 38(3): 51 -
58. DOI: 10.3969/j.issn.1003-2029.2019.03.009.

WU Bingwei, ZHANG Yingying, LIU Yan, et al. Study
on the in-situ system for monitoring marine radioactivity
based on large buoy[J]. Journal of Ocean Technology,
2019, 38(3): 51 - 58. DOI: 10.3969/j. issn. 1003-2029.
2019.03.0009.

IRbE, X, A, & 5T Nal (W 7E 2 /KAy JBUN 1%
I A SR BERI[]. B T S IRIEOR, 2018, 38(5):
620 - 624.

XU Yuan, LIU Bei, WANG Xitao, et al. Development of
an on-line water y radioactivity monitoring system[J].
Nuclear Electronics & Detection Technology, 2018, 38
(5): 620 - 624.

Tsabaris C. Monitoring natural and artificial radioactivity
enhancement in the Aegean Sea using floating measuring
systems[J]. Applied Radiation and Isotopes, 2008, 66(11):
1599 - 1603. DOI: 10.1016/j.apradiso.2008.01.020.
A, A, R . WA Ry R )i
N [J]. HBR BE 2%, 2007, 32(4): 528 - 532. DOI: 10.
3321/j.issn:1000-2383.2007.04.014.

HOU Shengli, LIU Haisheng, WANG Nanping. The
application of the marine towed gamma-ray spectrometer
in Bohai Ocean[J]. Earth Science, 2007, 32(4): 528 - 532.
DOI: 10.3321/j.issn: 1000-2383.2007.04.014.

pey

G, TR, KB, S B 2k B AT

15

16

17

010402-11

AZMEE R, FmaTBi7, 2013, 33(1): 46 - 48, 53.
ZENG Zhi, SU Jian, YI Hongchang, et al. Development
of a seawater radioactivity monitoring system and its
preliminary test results[J]. Radiation Protection, 2013, 33
(1): 46 - 48, 53.

i, gk, Ay, 55 KR y BRI I & R S it ST
R R SR AT 5], A% T2 5 R HR, 2013, 33
(11): 1396 - 1400. DOI: 10.3969/j.1issn.0258-0934.2013.
11.025.

GAO Feng, ZHANG Jianguo, YANG Yifang, et al. The
of the

Nuclear

research status and development prospects

underwater gamma-spectrometer
& Detection Technology, 2013, 33(11):
1396 - 1400. DOI: 10.3969/j.issn.0258-0934.2013.11.025.
FRAE R, REDCIK, B R A, 45 L KARTE 2RI M = R 4
Wl ) R il D) AR R0 2B B AR D). A% R, 2021, 44
(11): 110203. DOI: 10.11889/j. 0253-3219.2021. hjs. 44.
110203.

GUO Shengliang, XIONG Maolin, GE Liangquan, et al.

system[J].

Electronics

Optimization of array CeBr, scintillation detection device
for water on-line radioactivity measurement system[J].
Nuclear Techniques, 2021, 44(11): 110203. DOI: 10.
11889/j.0253-3219.2021.hjs.44.110203.

AR, HH A, B R4, & KRB EE R IR R 4
R B W [1]. 4R, 2023, 46(1): 010401. DOT: 10.
11889/j.0253-3219.2023.hjs.46.010401.

GUO Shengliang, XIANG Yezhou, GE Liangquan, et al.
Design of calibration device for real-time on-line
monitoring system of water radioactivity[J]. Nuclear
Techniques, 2023, 46(1): 010401. DOI: 10.11889/j.0253-
3219.2023.hjs.46.010401.


http://dx.doi.org/10.3969/j.issn.1001-6392.2012.01.015
http://dx.doi.org/10.3969/j.issn.1001-6392.2012.01.015
http://dx.doi.org/10.3969/j.issn.1003-2029.2019.03.009
http://dx.doi.org/10.3969/j.issn.1003-2029.2019.03.009
http://dx.doi.org/10.3969/j.issn.1003-2029.2019.03.009
http://dx.doi.org/10.1016/j.apradiso.2008.01.020
http://dx.doi.org/10.3321/j.issn:1000-2383.2007.04.014
http://dx.doi.org/10.3321/j.issn:1000-2383.2007.04.014
http://dx.doi.org/10.3321/j.issn:1000-2383.2007.04.014
http://dx.doi.org/10.3969/j.issn.0258-0934.2013.11.025
http://dx.doi.org/10.3969/j.issn.0258-0934.2013.11.025
http://dx.doi.org/10.3969/j.issn.0258-0934.2013.11.025
http://dx.doi.org/10.11889/j.0253-3219.2021.hjs.44.110203
http://dx.doi.org/10.11889/j.0253-3219.2021.hjs.44.110203
http://dx.doi.org/10.11889/j.0253-3219.2021.hjs.44.110203
http://dx.doi.org/10.11889/j.0253-3219.2021.hjs.44.110203
http://dx.doi.org/10.11889/j.0253-3219.2023.hjs.46.010401
http://dx.doi.org/10.11889/j.0253-3219.2023.hjs.46.010401
http://dx.doi.org/10.11889/j.0253-3219.2023.hjs.46.010401
http://dx.doi.org/10.11889/j.0253-3219.2023.hjs.46.010401

	1.1　 总体架构
	1.2　 γ射线监测装置子系统

