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Abstract – The 10MW High Temperature Gas-cooled Reactor-test Module (HTR-10) 
is a graphite-moderated helium gas-cooled reactor. The graphite is also used as the 
basis material of the coated-particle fuel and the reactor core structure material. 
The sources and the diffusion property of the tritium and carbon-14 in HTR-10 have 
been analyzed, and the inventory amount in core and the equilibrium concentrations 
in the primary helium coolant circuit have been calculated, based on the release, 
transportation, deposition and remove model. Tritium and carbon-14 are mainly 
generated from the heavy nuclei fission reaction and the activation reactions of the 
impurity. Due to their own characteristics, the tritium and the carbon-14 generated 
during the operation have an effect on the environment and the public radiation 
dose for normal and accidents, which may deserve careful attention. Majority of the 
tritium and the carbon-14 is trapped in the intact particle fuels, and part of those 
entering the primary circuit could be removed by the helium purification system, 
which can purify all the helium coolant every 20 hours under normal operation. A 
tiny fraction can leak into the environment. To verify the calculated results, a test 
loop is designed on the basis of the helium purification system. The experiment 
results will be compared with the calculations, and provide more information about 
HTR-10, promoting the development of HTR-10. 

 
 

I. INTRODUCTION 
 
The 10MW High Temperature Gas-cooled 

Reactor-test Module (HTR-10), designed and built 
independently by Institute of Nuclear and New 
Energy Technology, Tsinghua University, has 
excellent inherent safety features[1]. HTR-10 adopts 
the inert gas helium (about 1200Nm3) as the primary 
circuit coolant, and the reactor core have 27000 
spherical fuel elements with coated fuel particles. 
Each fuel element has approximately 5 g heavy 
metal and 180g matrix graphite. Besides, the 
graphite reflector and carbon brick are used for 
moderating neutron and flatting the core neutron 
flux distribution. 

Those important parts of HTR-10 contain large 
amounts of target nuclides of tritium and carbon-14, 
such as C-13 and Li-6. These nuclides would lead to 
the production and accumulation of tritium and 

carbon-14 in HTR-10. Tritium and carbon-14 are 
both pure β weak toxic nuclides, and can enter the 
food chain by participating in the global biosphere 
cycle[2,3]. Therefore they have received special 
considerations in the nuclear plant environmental 
impact assessment and the public dose restriction. 
Tritium and carbon-14 accounted for 81% of the 
total public exposure dose limit in the CANDU6 
reactor environmental evaluation in 1995[4,5]. 

The productions and accumulations of tritium 
and carbon-14 in HTR-10 are analyzed and 
calculated in this paper. Then combining the 
characteristics of HTR-10 reactor and the suitable 
experimental methods, an experimental loop to 
measure the tritium and carbon-14 concentrations in 
the different operational period of HTR-10 is 
designed and built, and the loop can be also used for 
evaluating the important equipments of the helium 
purification system. The experimental results are of 
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great significance in understanding HTR reactors 
and promoting the developments of HTR-10 
technology.  

 
II.THEORETICAL ANALYSES OF TRITIUM 

AND CARBON-14 
 

II.A. Production Models of Tritium and 
Carbon-14 

 

Tritium and carbon-14 in HTR-10 come from 
the fissile nuclides fissions in the fuel kernels and 
the activation reactions of the light nuclei in reactor 
core[6,7]. The light nuclei participating the tritium 
activation are He-3 in the coolant, Li-6 and Li-7 in 
the graphite impurities, and B-10 in the absorb balls 
and the control rods. The light nuclei participating 
the carbon-14 activation are O-17, C-13, and N-14. 
The reactions are listed in table 1 and 2. 

 
Table 1: Production reactions of tritium in HTR-10 

type equations zone condition 
Ternary 
fission X (n, f) H-3 Fuel kernels and matrix graphite Thermal 

neutron 

Activation 
reactions 

He-3 (n, p) H-3 Helium coolant Thermal 
neutron 

Li-6 (n, α) H-3 Matrix graphite, graphite reflector, and carbon brick Thermal 
neutron 

Li-7 (n, nα) H-3 Absorb balls and control rods; 
Matrix graphite, graphite reflector, and carbon brick 

Fast neutron
（>0.18MeV） 

B-10 (n, 2α) H-3 Absorb balls, control rods, and carbon brick Fast neutron
（>0.18MeV） 

B-10 (n, α) Li-7 Absorb balls, control rods, and carbon brick Thermal 
neutron 

 
Table 2: Production reactions of carbon-14 in HTR-10 

type equations zone condition 
Ternary 
fission X (n, f) C-14 Fuel elements Thermal 

neutron 

Activation 
reactions 

O-17 (n, He-4) C-14 Fuel elements Thermal 
neutron 

C-13 (n, γ) C-14 Fuel elements, graphite reflector, and carbon brick Thermal 
neutron 

N-14 (n, p) C-14 Fuel elements, graphite reflector, and carbon brick Thermal 
neutron 

 
II.B. Diffusion of Tritium and Carbon-14 

 
Because of the significant fixation of the 

coating layer of the fuel kernels, the graphite and the 
B4C, only a part of tritium and carbon-14 can enter 
the primary loop. We will analyze the retention and 
the diffusion of tritium in HTR-10 in this part. 

1 the diffusion in the fuel kernels  
The diffusion in the fuel kernels depends on the 

temperature and the burnup of the fuel, but all 
previous irradiation experiments show that when the 
temperature are below 1200℃，none of the 200000 
fuel kernels achieving the burnout occur the 
leakage[8,9]. Hence we assume that complete coated 
particles can detain all the tritium inside the kernels 
and only the tritium in the broken coated particles 
can enter into the matrix graphite. During the normal 
operation, the damage rate of the coated particles 
caused by irradiation is 5×10-4. Besides the broken 
coated particles, the matrix graphite uranium 
pollution (free uranium) which is inevitable in the 
processing and manufacturing can also occurs some 

ternary fission. According to the HTR-10 final safety 
analysis report, the free uranium pollution share 
coming from the manufacturing are 3×10-4. 

2 the diffusion in the graphite 
The annealing experiments on the graphite 

showed that the diffusion of tritium in the graphite 
experiences three evident temperature stages[10]. The 
first stage is under the indoor temperature, and the 
tritium physically absorbed in the surface of the 
graphite can release. The second stage is 300℃
~700℃，and a release spike occur around 500℃. 
The tritium of the first two stages are those which 
are generated from the impurities in the helium 
outsides the fuel elements, diffused into the deep 
place under the surface, and released into 
environment when heated. The third stage is 700℃
~1100℃, and a release spike occur around 900℃, 
which are mainly coming from the activation 
reactions of Li deep insides the graphite. Only under 
the high temperature, the evident diffusion occurs. 

Under normal operation, the average 
temperature of the fuel elements is 595℃, and the 
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highest temperature is 917℃. Therefore we assume 
the tritium inside the matrix graphite is totally 
released into the primary loop, including the tritium 
coming from the broken particles, the free uranium, 
and the Li activation. 

The average temperature of the reflector is 
300℃~400℃, the highest temperature in the side 
reflector close to the core are 667℃. The reflector is 
good contacting with the flowing helium coolant, so 
we assume the tritium in the reflector are released 
into the coolant entirely. 

3 the diffusion in B4C 
Research shows when the temperature are 

below 700℃, B4C can hold all the tritium generated 
from the B-10 activation[11]. In HTR-10, the 
temperature range of the control rod is 20℃~400℃, 
the temperature of the carbon brick and the absorb 
balls are 200℃~300℃; both the temperature are far 
below 700℃. They can’t contact with the helium, 
and the tritium inside are totally detained. 

Although the abundance of the Li-7 is higher 
than that of Li-6, the activation cross section of Li-7 
and the neutron flux rate are much lower than those 
of Li-6. As a result, the tritium from Li-7 is two 
orders of magnitude lower than that from Li-6, so 
the Li-7 has been neglected in the calculations. 

The diffusion results towards the primary loop 
are list in table 3. 

Table 3: Diffusion towards the primary loop of 
tritium 

nuclide zone condition 

X Fuel kernels and matrix 
graphite 

Only the broken 
particles and 
free uranium 

totally released 
He-3 Helium coolant totally released 

Li-6 
Matrix graphite and 

graphite reflector totally released 

carbon brick totally detained 

Li-7 

Absorb balls and 
control rods; 

Matrix graphite, 
graphite reflector, and 

carbon brick 

negligible 

B-10 
Absorb balls and 

control rods and carbon 
brick 

totally detained 

 
II.C. Reduction of Tritium in Primary Loop 

 
As for tritium in the primary loop, the main 

reduce approaches are decay, the leak of the circuit 
pressure boundary, the spread towards the secondary 
circuit, and the purification of the helium 
purification system. 

To restrict the release of radioactive substances 
towards environment and keep the exposure dose on 
the public and operator in a level as low as possible, 

high-performance sealing was adopted in the entire 
reactor coolant pressure boundary, in which the 
leakage rate was required below 1%/d of the helium 
loading in reactor.  

Hydrogen and tritium can easily diffuse across 
the metal in the high temperature, and under the core 
outlet temperature (700℃), the hydrogen and tritium 
can enter into the secondary circuit across the heat 
transfer tube in the steam generator. The diffusing 
rate is decided by the following expression 

1/ 2 1/ 2
1 2( )s

m

DKJ P P
x

= −  

1P 、 2P is the partial pressure of hydrogen of 
tritium in the both sides of the tube, D is the 
diffusion coefficient , mx  is the tube wall thickness, 
and the sK  is the Sievert’s law constant. 

The helium purification system, shown in 
figure 4, plays an important role in removing the 
impurities in the helium coolant. It can continuous 
operate with a purification flow rate of 5%/h of the 
helium loading.  

 
II.D. Results of Tritium Model 

 
Based on the model we chose, and parameters 

from the final safety analysis report and operation 
record, the tritium concentration changing with time 
has been calculated, as shown in figure 1. 

 
Fig. 1: Tritium concentration with time in the 

primary loop of HTR-10 
The tritium concentration before operation is 0, 

and then reaches the maximum at startup. The 
concentration gradually reduces and tends to 
equilibrium. The equilibrium tritium concentration is 
1.47E+06Bq/Nm3, the total activity is 1.76E+09Bq. 
The comparison among current calculations, the 
final safety analysis report and AVR operational 
report results are shown in table 4. 

 
Table 4: Tritium concentration in the primary 

loop helium coolant 
 Activity 

concentration 
(Bq/Nm3) 

Theoretical calculations 1.47E+06 
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Final safety analysis report 
results 

6.48E+06 

AVR operational report results[12] 1.13E+07 
Under the AVR steady operational condition, 

the average core coolant inlet temperature is 275℃, 
the average outlet temperature is 950℃, the thermal 
power is 46MW, and the tritium concentration in the 
helium coolant is 1.13E+07 Bq/Nm3. Both of the 
results of current calculations and the final safety 
analysis report are slightly below the AVR results. 
This is mainly because HTR reactors pay more 
attention to the impurity control in the graphite after 
the AVR core water ingress accident, and the values 
of AVR operation parameters are all higher than 
those in HTR-10, which makes the diffusion into the 
coolant much easier. 

 
III. Experiment Design 

 
III.A. Experiment Methods 

 
According to the experimental principles, the 

main measurement methods now include the liquid 
scintillation, the ionization chamber method, and the 
proportional counting method[13]. 

Both the ionization chamber method and the 
proportional counting method can directly measure 
the tritium concentration on line. However, the β 
particle from the tritium decay has a low energy, 
thus the measurements could be disturbed by the 
decay of the multiple radioactive nuclides in the 
coolant helium. 

The tritium in HTR-10 exists mainly in the 
form of HT, HTO, while the carbon-14 exists mainly 
in the form of CO2, CO, and CH4.  

The liquid scintillation changes the gas sample 
into liquid sample using the bubbling device, and 
then measure the sample activity with liquid 
scintillation counter. The HTO can process good 
replacement for isotopic with water, hence the HTO 
can be gathered directly with bottle fitted with 
distilled water. HT, which can’t dissolve in water, 
should be oxidized into HTO and gathered with 
bubbling device. The solubility of CO2, CO and 
CH4 in water is quite small and CO2 should be 
gathered with aqueous alkali. Similar to the HT, CO 
and CH4 should be oxidized into CO2, and then be 
gathered with bubbling device with aqueous alkali. 
The different placement of the oxidation device in 
the entire experimental loop can collect the different 
components of tritium and carbon-14. 

The gas sampling and analyzing system[14] in 
HTR-10 elicits the helium coolant from ①  the 
entrance of the helium purification system; ② the 
outlet of the copper oxide bed; ③ the outlet of the 
molecular sieve bed; ④  the exit of the helium 
purification, and analyzes the constitution of the 
helium coolant. The long sampling tube makes the 

outlet temperature and pressure much lower than 
those inside the normal helium purification system.  

Based on the available gas sampling and 
analyzing system, the advantages and disadvantages 
of the measure methods, the target of the accuracy, 
and the instantaneity, the liquid scintillation is more 
suitable and has been adopted to measure the tritium 
and carbon-14 concentration in the helium coolant. 

 
III.B. Experiment Loop Design 

 
The MARC 7000 and HAUGE 7000 sampling 

devices are used to sampling the tritium and carbon-
14. The sampling and cooling circuits are shown in 
the figure 2 and 3. The MARC can gather the HT 
and HTO, while the HAUGE can gather the CO2, 
CO, and CH4 in the coolant. 

 
Fig. 2: Sampling circuit of the device 

 
Fig. 3: Cooling circuit of the device 

For the MARC tritium sampling device, with 
the negative pressure pumping of air pump, the 
helium goes through the four bubbling bottles in 
succession. HTO is gathered directly in the 1 and 2 
bottles, and the remaining HT is oxidized into HTO 
in the oven block and then absorbed in the 3 and 4 
bottles. The sampling device can measure the 
volume flow accurately. The concentration and the 
total amount of the tritium in the primary circuit can 
be calculated from the bubbling liquid activity and 
the sampling gas flow. The capture efficiency of 
HTO is higher than 99% and the capture efficiency 
of HT is higher than 96%. 
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Because of the small solubility of CO and CO2, 
the aqueous alkali is filled up in the four bubbling 
bottles, such as NaOH or KOH. The capture 
efficiency of CO2 is higher than 99% and the 
capture efficiency of carbon-14 in organic form is 
higher than 94%. 

The cooling circuit is used for stabilizing the 
temperature of the bubbling liquid in an appropriate 
range to minimize the evaporation of the liquid. 

In the available gas sampling and analyzing 
system, the temperature and the pressure of the 
sampling points are much lower than those in the 
helium purification system, and the dust mainly 
settled in the surface of the long pipeline, so the 
sampling point, along with the device including the 
oxidation unit, the filter unit, and the decompressor 
unit, can be picked up in anywhere in the helium 
purification system. 

 

 
Fig. 4: Helium purification system 

 
As shown in figure 4, the experiment loop pick 

three sampling points (A, B, and C). The sampling 
can measure the composition, the concentration, and 
the total amount of tritium and carbon-14 in different 
locations. The sampling results can also evaluate the 
performance of the copper oxide bed and the 
molecular sieve adsorber.  

 
III.C. Experiment Results Analysis 

 
Since the reactor startup work is still underway, 

we will analyze the theoretical results with the 
sampling results gotten in 2007[13], which only 
measure the concentration of tritium at the outlet of 
the copper oxide bed. The comparative results are 
list in the table 5. 

Table 5: Theoretical and experimental results of 
the tritium in primary loop of HTR-10 

 Activity 
concentration 
(Bq/Nm3) 

Theoretical result 1.47E+06 
First experimental result 5.22E+05 
Second experimental result 3.67E+05 

The experimental results are both slightly less 
than the theoretical results. This is because the 
continuous operation of the helium purification 

system during the shutdown of the reactor leads to 
the decrease of the tritium in the primary loop. 

The experiment in 2007 only measured the total 
amount of the tritium from the outlet of the copper 
oxide bed, using the self-made device which 
simplified the oxide unit with the oxidation of HT 
into HTO in the copper oxide bed. The airtightness 
of the device could not be guaranteed. Besides, the 
two sample experiments did not change the bubbling 
bottle, and the memory effect of the tritium to the 
bottle could affect the measure accuracy. The only 
sample point could not appraise the property of the 
helium purification system. 

The experimental loop built now choses multi-
sampling, can analyze the constitution of tritium and 
carbon-14 in different positions of the helium 
purification system, and evaluate the performance of 
the different essential equipment in the system. The 
multiple measurements can ensure the measurement 
accuracy. 

 
IV. Conclusion 

 
This paper gives a detailed description of the 

generation model and the release of tritium and 
carbon-14 in HTR-10, and compares the calculations 
with the AVR operational results and the final safety 
analysis report, indicating the model assumptions are 
basically correct. An experiment loop based on the 
helium purification system has been designed and 
built. After the restart of HTR-10 in the next few 
months, a variety of experiment data would be 
obtained and it would be of great significance to the 
development and promotion of the HTR technology. 
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