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Calculation of the signal current of self-powered neutron detectors in a nuclear reactor

WU Xiong”? ZHANG Xiangju’ LUO Shijie’ JIANG Jiegiong’
1(University of Science and Technology of China, Hefei 230026, China)
2(Institute of Nuclear Energy Safety Technology, Hefei Institutes of Physical Science, Chinese Academy of Sciences, Hefei 230031, China)

3(China Nuclear Power Technology Research Institute Co., Ltd., Shenzhen 518031, China)

Abstract  [Background] Self-powered neutron detectors (SPNDs) are critical devices in the monitoring and
protection systems of nuclear reactors, and their signal current directly reflects the value and distribution of the core
power. Insulators play an essential role in the design of SPNDs and are the main factor affecting the calculation
accuracy of the signal current. [Purpose] This study aims to improve the accuracy of the calculation method of the
SPND signal current, ensuring that the measured currents accurately reflect the reactor conditions and meet the
highest industrial standards. [Methods] Firstly, the signal generation mechanism of the SPND was thoroughly
discussed, and three independent calculation methods of the current based on the inherent physical characteristics of
the space electric field of an insulator were proposed. Then, high-fidelity simulations of the SPND were performed

using the Monte Carlo code, and the three methods were validated based on the simulation results. In addition to the
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current caused by the neutrons, the current caused by the photons inside the reactor was quantitatively analyzed.

Meanwhile, extensive radiation experiments on the various reactors have been performed to verify these three current

calculation methods. [Results] The difference between the results obtained by using the three methods is less than

1%, demonstrating a considerable accuracy. In addition, the current of the rhodium SPND is primarily owing to the

neutrons, whereas the photon-induced current is generally less than 5%. Experimental verification results on the

several operating reactors show that the difference between the theoretical and experimental results is less than 3%,

which also proves its effectiveness and accuracy. [Conclusions] This method has been applied to the large Chinese

Gen-III advanced pressurized water reactor (HPR1000) and is universal. It can be used for the signal analysis of

different types of SPNDs, as well as for providing valuable references for core monitoring systems in other reactors,

such as the Gen-IV fast reactor as well as future fusion reactors.
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Table 1 Geometric and material information of rhodium SPND in industrial applications
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Components Material Radius / cm Mass density / g+cm™ Atomic density / 10” cm™
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Table 2 Electron flow on the surface of the emitter/insulator and insulator/collector

J7 1] I A G T iRz HPAZ ST GiiliR %

Direction Angle / (°) Ja Error Jie Error

Al A 0~60 1.748x107 0.001 1 3.137x107 0.000 8

Inward 60~120 3.922x107 0.000 8 6.987x107 0.000 6
120~180 2.616x107 0.000 9 4.117x107 0.000 8

I A 0~60 1.173x10°! 0.000 4 7.021x107 0.000 6

Outward 60~120 2.667x10™ 0.000 3 2.377%10™ 0.000 3
120~180 1.465%10"" 0.000 3 1.810x10™ 0.000 3
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Table 3 Electron flow at the critical radius position

4 SPND &K BEA TSR AR ETITAR
Table 4 Charge deposition of the emitter, insulator,
and collector

LR oy HLfaf LR Giilin
Components Charge disposition Error
KGR Emitter 0.5520 0.000 1
#8244 Insulator 0.101 2 0.000 6
41k Collector 0.1972 0.000 3

77 1¢1 i e S0 8 TR Gtz

Direction Angle / (°) J. Error

E 0~60 2.305%107 0.000 9

Inward 60~120 5.016x107 0.000 7
120~180 2.968x107 0.000 9

e Ak 0~60 7.341x107 0.000 5

Outward 60~120 2.597x10"! 0.000 3
120~180 1.737%10"" 0.000 3

A (8~10) P th i iRt TH 5%, 45
WGt 45 R, W] LS B =F A F T T VE T SPND
A RBCRIHIRAN, Hrt RS Rk 5 R .

#z5 ZHARETESET SPND FIEMETAN
Table 5 SPND effective current under three different
calculation methods

TR % bE=E Sl iRz
Methods Net current Error
(8) Formula (8) 0.403 99 0.000 4
#(9) Formula (9) 0.404 04 0.000 6
#(10) Formula (10) 0.404 07 0.000 5
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Table 6 Electron flow on the surface of the emitter/
insulator and insulator/collector caused by photons

I ME 1E - Positron

Direc- Angle PR J R
tion /(%) Error / % Error / %
MK 0~60  1.290x10°0.0245 2.481x10° 0.0179

5.726x10° 0.012 4
3.838x10° 0.015 4
6.411x10° 0.012 0
1.871x107 0.006 8

Inward  60~120 3.095x10° 0.016 2

120~180 2.072x10° 0.019 9
M4k 0~60  8.062x10° 0.010 3
Out-  60~120 1.824x10™ 0.006 8

ward 150180 9.679x10 0.009 1  1.392x10° 0.007 6
JilE o fE H,-F Electron

Direc-  Angle ;. R J. 1R
tion /(%) Error / % Error / %
M 0~60  2.338x107 0.0059  4.123x107° 0.004 5

9.397x107 0.003 2
5.637x107 0.004 2
8.871x10™ 0.003 3
2.293x10™ 0.002 0
1.518x10™ 0.002 3

Inward 0~120 5.436x10°° 0.004 0
120~180 3.676x107° 0.005 0
M)A 0~60  9.547x107 0.003 1
Out-  60~120 2.052x10™ 0.002 1
ward 4
120~180 1.090x10™ 0.002 8

R7 HAEFSIEAIERFFEFHFETAN

Table 7 The net current of positrons and electrons

caused by photons
FAL I 4 AR EEENY SR
Current components Net current Error
1F BT~ HLYi Positron 2.844x10° 0.0143
H ¥~ HL 9t Electron 2.879x10™ 0.003 7
A4 LI Total current 2.595x 10 0.008 6
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