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Abstract – The radiation monitoring system for the primary circuit is a very 

important auxiliary system for the reactor, which can supply the activity data in the 

primary loop. Based on the technology and experience of HTR-10 and other 

pressurized water reactors, the radiation monitoring system for the primary circuit 

of HTR-PM has been designed, which mainly includes the continuous total γ activity 

monitoring and the intermittent total β activity monitoring of the primary loop, the 

regular γ spectrometry analysis of the helium sampling from the primary loop, the 

regular sampling and analysis of the tritium and carbon-14, and the total β 

monitoring of the gas storage tanks of the waste gas system before venting. It can 

provide information about the kinds of the radionuclide, activity concentration, and 

the operational status and purification efficiency of the helium purification system, 

which guarantee the operation security of the nuclear reactor. Since in HTR-PM the 

coolant is helium and the spherical fuel elements containing TRISO coated particles 

are used, the source terms in the primary circuit are different from those of 

pressurized water reactors. The design features of the radiation monitoring system 

for the primary circuit in HTR-PM will be also discussed. 

 
I. INTRODUCTION 

 

A radiation monitoring system at a nuclear power 

plant is an important auxiliary system for the reactor. 

It does not contribute to the production of electricity 

but rather supports operations by continuously 

providing information about the radiological 

conditions in the plant. Furthermore, it can monitor 

the abnormal occurrences about the radiological 

level and provide data to help the operators to 

diagnose the cause of the occurrence. 

β and γ radioactivity are the two forms of 

radiation measured by the radiation monitoring 

system. During normal operation, the radioactivity in 

processes, in effluent discharges, and in specific 

areas was measured by the radiation monitoring 

system. Under abnormal conditions, the radiation 

monitoring system can help the operators in 

diagnostics with supplying radioactivity in various 

plant processes. Even in plant shutdown for refueling 

and maintenance and design basis accident, the 

radiation monitoring system can provide data about 

radioactivity in specific locations, in specific process, 

and effluent releases. To accomplish the functions 

above, the radiation monitoring system is typically 

divided into five parts: process radiation monitoring, 

area radiation monitoring, effluent radiation 

monitoring, personnel radiation monitoring, and 

environmental radiation monitoring [1]. 

The High Temperature Gas-cooled Reactor 

Pebbled-bed Module (HTR-PM) is a modular High 

Temperature Gas-cooled Reactor (HTGR) 

demonstration power plant of which the first 

concrete has been poured in December 2012 [2-5]. 

After Fukushima accident, the advantages of 

modular HTR become more attractive. The current 

HTR-PM design falls into the category of innovative 

small sized reactors, which contains two reactor 
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modules with 200 MW electrical output totally. Now 

HTR-PM is being constructed in the city of 

Rongcheng, Shandong Province, China. 

In current paper, we focus on the design of the 

radiation monitoring system for primary system of 

HTR-PM, which can be attributed to a part of 

process radiation monitoring. The detailed design of 

this system will be introduced as well as the related 

helium purification system and the preliminary 

calculation results of source terms of HTR-PM. The 

features of the design will be also discussed in 

comparison to that in the Pressurized Water Reactors 

(PWR). 

 

II. DESIGN FEATURES OF THE RADIATION 

MONITORING SYSTEM FOR THE PRIMARY 

CIRCUIT OF HTR-PM 

 

The radiation monitoring system for the primary 

circuit which can supply the activity data in the 

primary loop is implemented by setting several 

monitoring channels in the helium purification 

system of HTR-PM. In this section, a brief 

introduction of the helium purification system of 

HTR-PM, the preliminary calculation results of 

source terms and the monitoring channels in details 

will be presented. 

 

II.A. Introduction of the Helium Purification 

System of HTR-PM 

 

On the basis of former research, especially the 

knowledge and experience of the 200 MW HTR-

Module in Germany and HTR-10 in China [6-8], the 

helium purification system of HTR-PM was 

designed. The helium purification system contains 

two parallel lines for normal purification process, 

and another line for dehumidification in some 

accidents. The helium purification system which 

serves the primary loop is very important for the 

reactor operation. 

Briefly, the normal line of the helium purification 

system of the HTR-PM, which mainly composed of a 

dust filter, a copper oxide bed, a molecular sieve 

adsorber and a low temperature adsorber, etc., 

purifies a bypass stream from the primary coolant 

system in order to reduce the quantity of chemical 

impurities (including hydrogen, carbon monoxide, 

carbon dioxide, water vapor, oxygen, nitrogen, and 

methane), and to remove the radioactive dust and 

gaseous radionuclide fission products (including 

krypton, xenon, etc.). During normal operation, the 

primary coolant helium at 250 ℃  and 7 MPa is 

driven to enter the purification system with a flow 

rate about 150 kg/h corresponding to a 5% gas 

change of the helium inventory in the primary loop. 

The simplified schematic diagram of the helium 

purification system is shown in Fig.1. 

The monitoring channels based on the helium 

purification system including the continuous total γ 

activity monitoring and the intermittent total β 

activity monitoring, the regular γ spectrometry 

analysis, and the regular sampling and analysis of the 

tritium and carbon-14, are exhibited in Fig. 1 and 

will be described in details in the following text. 

 

 
Fig. 1: The simplified schematic diagram of the 

helium purification system of HTR-PM with relative 

positions of the radiation monitoring channels. 

 

II.B. Preliminary Calculation Results of Source 

Terms of HTR-PM 

 

In general, the core activities are the main 

radiation source of all process systems in a nuclear 

plant. To obtain the radioactivity information in the 

primary circuit, several factors should be considered, 

including inventory in the core, the fission products 

release from the fuel elements, the production of 

activation products, etc. 

Like in HTR-10, the spherical fuel elements with 

a diameter of 60 mm are used in HTR-PM. TRISO 

coated particles are embedded in matrix graphite 

material. For each individual TRISO coated particle, 

outside the UO2 kernel with a diameter of 500 µm, 

there are four layers in succession: buffer layer, inner 

pyrolytic carbon layer, pyrolytic silicon carbide layer, 

and outer pyrolytic carbon layer with the thickness of 

95, 40, 35 and 40 µm, separately. A single fuel 

element contains about 10000 TRISO coated 

particles, but the outermost 5 mm of the fuel element 

is a pure matrix graphite shell without any particles 

[3, 9]. 

Based on the experience and method used in 

HTR-10 and AVR [10], the inventories of fission 

products in the equilibrium core of HTR-PM have 

been calculated. The total inventory in the 

equilibrium core of HTR-PM is 5.12 × 10
19

 Bq. For 

the dominant fission products, the inventories are 

2.81 × 10
18

 Bq for the fission products of noble 

gases (Kr and Xe), 2.05 × 10
18

 Bq for iodine 

isotopes, and 3.05 × 10
17

 Bq for metallic fission 

products (Sr, Cs, and Ag). 
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The fraction of the fission products released from 

the TRISO coated particles and fuel elements can be 

afforded with Fick’s diffusion equation. Only very 

few fission products can escape from the core, 

however, it dominates the activity in the primary 

circuit. Besides, the production of activation 

products, the radioactive decay, the purification 

function of the helium purification system, the 

deposition on the inner surface of the primary circuit 

for the solid fission products, and the leakage of 

primary helium can also affect the radioactivity in 

the primary coolant. With carefully considering the 

factors listed above, the activities of fission products 

in the primary helium have been estimated, which 

are 5.9 × 10
11

 Bq for noble gases, 5.8 × 10
9
 Bq for 

iodine isotopes, 4.0 × 10
5
 Bq for long-lived solid 

isotopes, 8.5 × 10
10

 Bq for H-3, and 1.3 × 10
9
 Bq for 

C-14. 

 Generally, in PWRs, the isotopes that are most 

commonly measured are noble gases of which Xe-

133 is the most abundant, N-16 in the main steam 

line, and airborne particulate matter such as Rb-88 

and Cs-137 in liquids. C-14 and Ar-41 are becoming 

more important and I-131 less important as fuel 

quality improves [11]. 

However, the dominate activities in the primary 

circuit of HTR-PM are radioactive noble gases of 

which Kr and Xe isotopes are the most abundant, the 

volatile iodine isotopes, H-3 and a few of aerosol 

particles which adsorb radioactive nuclides such as 

Cs-134, Cs-137, Sr-89, Sr-90, and Ag-110m. Though 

during normal operation the pressure of the primary 

circuit ~7MPa is much lower than that of the 

secondary circuit ~14.3MPa, H-3 is the most 

important source term in the main steam line of 

HTR-PM for tritium can permeate from primary 

circuit under a high temperature. Thus, in HTR-PM, 

H-3 and C-14 have been attracted more attentions 

and set many channels for sampling and analysis in 

the radiation monitoring system. 

It should be noted that the calculations above are 

preliminary results which only can be used as 

references for current design. The detailed 

description of the calculations will be published in 

future. 

 

II.C. Detailed Design of the Radiation 

Monitoring System for the Primary Circuit 

 

As illustrated, the purpose of the radiation 

monitoring system for a specific process system is to 

obtain the radioactive levels in the corresponding 

process fluid. Thus, the operational status of the 

process system can be acquired and the achievement 

to the objective of the process system can be 

determined. 

In HTR-PM, to monitor the radioactivity of the 

primary coolant in the helium purification system 

can supply the information about the kinds of 

nuclides and the radioactive level in the primary 

helium, the operational status of the helium 

purification system, and the overall rate of damage 

for the fuel elements in the reactor core. 

On the basis of the helium purification system, 

the radiation monitoring system for the primary 

circuit of HTR-PM has been designed, which can be 

divided into five parts. The following text will give 

more description about each part. 

    (a) Continuous Total γ Activity Monitoring of the 

Primary Circuit 

The continuous total γ activity monitoring of the 

primary circuit has been set at the entrance and at the 

exit of the helium purification system, which are 

denoted as a1 monitoring channel and a2 monitoring 

channel respectively. The a1 monitoring channel 

which indicates the value about total γ activity 

continuously of the primary helium at the entrance of 

the helium purification system can provide the 

information about the equilibrium concentration of 

the inert gas nuclides in the primary coolant, thereby 

deducing the rate of damage for the fuel elements in 

the reactor core and the release rule of the inert gas 

fission products. The a2 monitoring channel which 

indicates the value about total γ activity continuously 

of the primary helium at the exit of the helium 

purification system can provide the radioactive level 

of the primary coolant after purification, thus 

supplying the operational status of the helium 

purification system. Besides, by comparing the 

concurrent values of a1 and a2 channels, the 

purification efficiency of the helium purification 

system can be monitored in real time. 

(b) Intermittent Total β Activity Monitoring of 

the Primary Circuit 

As a redundant measure, the intermittent total β 

activity monitoring of the primary circuit has been 

set at the entrance of the helium purification system, 

after the dust filter, and at the exit of the helium 

purification system, which are denoted as b1 

monitoring channel, b2 monitoring channel and b3 

monitoring channel. The total β activity monitoring 

of the primary circuit can also provide the 

radioactive levels of the primary helium, thus 

corroborating with the results from the continuous 

total γ activity monitoring of the primary circuit. The 

frequency of total β activity monitoring depends on 

the demand. Generally, during the power uprating 

process or when a large fluctuation displayed in the 

values of the total γ activity monitoring channels, the 

total β activity monitoring should be enhanced with 

a higher frequency, for example once a day. During 

the steady operational state of the reactor or when 

the total γ activity monitoring channels exhibit a 
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stable trend of the data, the frequency of the total β 

activity monitoring can be decreased. The b1 

channel is used only when the normal purification 

process of the helium purification system has been 

shut down and b2 channel is out of service. 

(c) Regular γ Spectrometry Analysis of the 

Primary Helium 

During the runtime or the outage, the primary 

helium can be sampled with multiple collectors at 

different monitoring channels in the helium 

purification system. These channels include 

sampling at the entrance of the helium purification 

system, after the dust filter, after the molecular sieve 

adsorber, and after the low temperature adsorber 

(that is at the exit of the helium purification system), 

marked as c1 channel, c2 channel, c3 channel, and 

c4 channel, respectively. The primary helium 

samples from these channels would be sent to the 

radiochemical analysis laboratory to obtain the 

information about the kinds of nuclides and 

individual activity. The results from c1 channel can 

reveal the percentage of each gaseous fission product 

in the primary circuit, thus acquiring the release 

mechanism of these gaseous fission products from 

the fuel elements and inferring the damage ratio of 

the fuel elements. The results from c2 channel, c3 

channel, and c4 channel, as well as that from c1 

channel, can be used to deduce the 

purification/adsorption efficiency of the dust filter, 

the molecular sieve adsorber, and the low 

temperature adsorber to the radioactive nuclides. The 

sampling frequency can be set as demand.  The c1 

channel is used only when the normal purification 

process of the helium purification system has been 

shut down and c2 channel is out of service. 

(d) Regular Sampling and Analysis of the Tritium 

and Carbon-14 

In the helium purification system, the copper bed 

is used to oxidize carbon monoxide and hydrogen 

into carbon dioxide and water in the primary helium 

including the elements of H-3 and C-14. Then the 

molecular sieve adsorber is used to adsorb the water 

and carbon dioxide including the elements of H-3 

and C-14 to reduce the quantity of chemical 

impurities for the primary coolant. The sampling 

points have been designed after the dust filter, after 

the copper bed, and after the molecular sieve 

adsorber, marked as d1 channel, d2 channel, and d3 

channel. From these three channels, the radioactive 

level of the H-3 and C-14 in the primary coolant can 

be obtained, and the oxidation efficiency of the 

copper bed and the adsorption efficiency of the 

molecular sieve adsorber can be deduced. The 

sampling frequency can be set as demand. 

(e)  Total β Activity Monitoring for the Gas 

Storage Tanks 

There are two gas storage tanks in the helium 

auxiliary system for the waste gas from primary 

circuit. Before exhausting gas into the ventilation 

system, the radioactive level of the waste gas in the 

tanks should be measured to make sure that the 

effluent standard is satisfied. Two channels have 

been designed to accomplish the above purpose by 

monitoring the total β activity, marked as e1 channel 

and e2 channel separately. These channels are used 

intermittently. 

 

Table 1: The description of the radiation monitoring 

channels in the primary circuit of HTR-PM. HPS 

stands for the helium purification system. 

Ch. Position Description 

a1* 
At the entrance of the 

HPS 

Continuous total γ 

activity monitoring 

a2 At the exit of the HPS 
Continuous total γ 

activity monitoring 

b1** 
At the entrance of the 

HPS 

Intermittent total β 

activity monitoring 

b2** After the dust filter 
Intermittent total β 

activity monitoring 

b3 At the exit of the HPS 
Intermittent total β 

activity monitoring 

c1*** 
At the entrance of the 

HPS 

Sampling and γ 

spectrometry 

analysis 

c2*** After the dust filter 

Sampling and γ 

spectrometry 

analysis 

c3 
After the molecular 

sieve adsorber 

Sampling and γ 

spectrometry 

analysis 

c4 
After the low 

temperature adsorber 

Sampling and γ 

spectrometry 

analysis 

d1 After the dust filter 

Sampling and 

analysis of the H-3 

and C-14 

d2 After the copper bed 

Sampling and 

analysis of the H-3 

and C-14 

d3 
After the molecular 

sieve adsorber 

Sampling and 

analysis of the H-3 

and C-14 

e1 
The first gas storage 

tank 

Intermittent total β 

activity monitoring 

e2 
The second gas 

storage tank 

Intermittent total β 

activity monitoring 

* Safety class; 

** b1 and b2 channels couldn’t be used at the same 

time; 

*** c1 and c2 channels couldn’t be used at the same 

time; 
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    All monitoring channels, its relative position 

and brief description are summarized in Table 1. It 

should be noted that there are two normal lines for 

purification in the helium purification system, so the 

monitoring channels in section (a), (b), (c) and (d) 

are doubled actually with the parallel design. In 

addition, there are radioactive graphite dust in the 

primary circuit and tritium oxide (HTO in liquid) 

separated by the molecular sieve adsorber from the 

primary coolant. The channels for collecting the 

graphite dust and HTO in liquid have been indeed 

designed, and assigned to the radioactive graphite 

dust experimental system and the liquid process 

radiation system for the primary circuit respectively. 

The relative information can be found in other 

papers  

 

III. DISCUSSION 

 

The main radiation parameter which describes 

the state of the reactor core is specific fission 

products activity in primary coolant. The primary 

coolant monitoring includes continuous monitoring 

of total volumetric γ activity and periodic monitoring 

of radionuclide composition. The continuous total γ 

activity monitoring of the primary coolant was 

realized by installing a transducer next to the 

primary pipeline and detecting the γ radiation. 

According to the Chinese National Standard GB 

13627.1-1992 “Criteria for Accident Monitoring 

Instrumentations in Nuclear Power Generating 

Stations: Criteria for Functions”, this parameter is 

safety-related and the monitoring equipment should 

be safety class. 

Well, as far as we know in most types of 

pressurized water reactor, including M310 and EPR, 

the continuous total γ activity monitoring of the 

primary circuit is set as non-safety class. This 

parameter was thought as a qualitative description of 

the damage of the fuel elements and would not lead 

an immediate shutdown action. However, in Tian 

Wan nuclear power plant, the VVER type of 

pressurized water reactor, there are three channels 

for the continuous total γ activity monitoring of the 

primary coolant: one is used for normal operation 

system, and the other two belong to independent 

isolated emergency system each of which is fed from 

its own power source of emergency power supply 

system. 

Unlike the pressurized water reactor, the accurate 

measurement of the temperature in the reactor core is 

unreachable in the pebbled bed reactor. The 

radioactivity in the primary coolant is much more 

important in the pebbled bed reactor, which can 

afford the state of the reactor core and the 

information about the damage of the fuel elements. 

According to the related Chinese National Standards 

and the experiences in the pressurized water reactor, 

the continuous total γ activity monitoring of the 

primary circuit in HTR-PM is considered to be 

safety-related and double safety class equipments are 

set. This is a conservative design and we think it is 

proper in the first commercial gas-cooled pebble-bed 

reactor. With the development of the safety concept 

for the reactor and the change in the Chinese 

National Standards in the future, the safety class 

about the continuous total γ activity monitoring of 

the primary circuit could be renewed. With the 

development of the high-purity germanium detector, 

the online monitoring of radionuclide composition in 

the primary loop may achieve, which can supply 

more precise information about the reactor core. 

Anyhow, the current radiation monitoring system 

for the primary circuit of HTR-PM, including the 

continuous total γ activity monitoring and the 

intermittent total β activity monitoring of the 

primary loop, the regular γ spectrometry analysis of 

the helium sampling from the primary loop, the 

regular sampling and analysis of the tritium and 

carbon-14, and the total β monitoring of the gas 

storage tanks of the waste gas system before venting, 

as well as the channels for collecting the graphite 

dust and HTO in liquid in the primary circuit, is 

complete and suitable to this kind of gas-cooled 

pebbled-bed reactor. 

 

IV. CONCLUSION 

 

Based on the related Chinese National Standards 

and the experiences in the pressurized water reactors, 

as well as the technology applied in HTR-10, the 

radiation monitoring system for the primary circuit 

of HTR-PM has been designed, which mainly 

includes the continuous total γ activity monitoring 

and the intermittent total β activity monitoring of the 

primary loop, the regular γ spectrometry analysis of 

the helium sampling from the primary loop, the 

regular sampling and analysis of the tritium and 

carbon-14, and the total β monitoring of the gas 

storage tanks of the waste gas system before venting. 

The preliminary calculations about source terms of 

HTR-PM have been briefly introduced and 

compared with those in PWRs. The detailed design 

of the radiation monitoring system for the primary 

circuit of HTR-PM has been presented. We believe 

that this design which can provide information about 

the kinds of the radionuclide, activity concentration, 

and the operational status and purification efficiency 

of the helium purification system, is complete and 

superfluous, thus suitable for HTR-PM. 

The safety class about the continuous total γ 

activity monitoring of the primary circuit is 

discussed based on the related Chinese National 

Standards and the experiences in the pressurized 
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water reactors. With a conservative consideration, 

this parameter is thought to be safety-related. We 

believe it is a proper design with the first commercial 

gas-cooled pebble-bed reactor. 
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