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The high temperature gas-cooled reactor (HTGR) has potential utilization due to its featured characteristics such as inherent safety
and wide diversity of utilization. One distinct difference between HTGR and traditional pressurized water reactor (PWR) is the
large inventory of graphite in the core acting as reflector, moderator, or structure materials. Some radionuclides will be generated
in graphite during the period of irradiation, which play significant roles in reactor safety, environmental release, waste disposal,
and so forth. Based on the actual operation of the 10MW pebble bed high temperature gas-cooled reactor (HTR-10) in Tsinghua
University, China, an experimental study on source term analysis of the irradiated graphite has been done. An irradiated graphite
sphere was randomly collected from the core of HTR-10 as sample in this study. This paper focuses on the analytical procedure
and the establishment of the analytical methodology, including the sample collection, graphite sample preparation, and analytical
parameters. The results reveal that the Co-60, Cs-137, Eu-152, and Eu-154 are the major 𝛾 contributors, while H-3 and C-14 are the
dominating 𝛽 emitting nuclides in postirradiation graphite material of HTR-10.The distribution profiles of the above four nuclides
are also presented.

1. Introduction

The high temperature gas-cooled reactor (HTGR) has some
remarkable advantages, such as inherent safety, higher power
efficiency, andwide diversity of heat utilization [1]. Nowadays
HTGR is being accepted as one of themost promising nuclear
reactors in the future nuclear market. However, the actual
development of HTGR still highly relies on the compre-
hensive understanding of the philosophy of HTGR from all
aspects. The source term of the radionuclides resulting from
the HTGR operation plays significant roles in reactor safety,
environmental release, waste management, and disposal.
HTGR features its huge inventory of nuclear graphite in
the HTGR core acting as reflector, moderator, or structure
materials. The contaminated graphite becomes a special kind
of radioactive waste, which is completely different from that
in traditional pressurized water reactor (PWR). With the
growing application of HTGR, the source term analysis of the
irradiated graphite in the HTGR core has been highlighted.

While the nuclear grade graphite has excellent chemical,
structural, and neutronic properties forHTGRutilization [2],
the utilization of graphite in core leads to the generation of
many types of radioactive nuclides in the graphite material.
Theoretically, the graphite can retain radionuclides such asH-
3, C-14, and Cl-36, corrosion/activation products (Co-57, Co-
60, Mn-54, Ni-59, Ni-63, Na-22, etc.), fission products (Cs-
134, Cs-137, Sr-90, Eu-152, Ce-144, etc.), and a small amount of
uranium and transmutation elements (Pu-238, Pu-239, Am-
241, Am-243, etc.). Some of these radionuclides arise from
the activation of impurities which were integral with the
original graphite components. The other radionuclides come
from offsite locations of the core and migrate to the graphite
carried around the circuit in the coolant gas [3, 4]. Practically,
the radionuclides in graphite will vary greatly with graphite
quality, reactor operating history, fuel element performance,
and so forth. An examination by Fachinger et al. [5] indicated
that the main 𝛾 nuclides in the carbon dust in AVR pipe
components were Co-60, Cs-137, and Eu-154. Wenzel et al.
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Figure 1: C-14 profile in a spent AVR sphere.

[6] determined the C-14 in the graphite matrix of spent AVR
fuel element and agreed with the C-14 profile in a spent AVR
sphere as published in a previous literature [7] (see Figure 1).
Some other literatures [8–10] have introduced the progress of
fundamental studies on the behaviors of H-3, Cs, or I in the
HTGR system. Besides, some research results on irradiated
graphite material used in British Magnox reactors are also
useful as [11–13].

In China, a high temperature gas-cooled reactor peb-
ble bed module (HTR-PM) demonstration power plant is
under construction in Shandong Province [14]. The reality
needs deeper understanding on the characterization of the
irradiated graphite material in such type of HTGR. Thanks
to the construction and operation of HTR-10, a 10MW test
reactor of the same type, some genuine graphite materials
are available and suitable for the above research. A project
was proposed with the purpose of mastering the irradiated
graphite in pebble bed HTGR, in which the HTR-10 was
chosen as a reference reactor. As part of a whole project,
this paper will focus on the sample preparation, analytical
procedure, and methodology. Some postirradiation graphite
sphere are discharged from the reactor core. Samples are
collected at different positions of spherical radius, prepared,
and measured with different analytical devices, that is, the
multi-channel 𝛾 counter, liquid scintillation counter, and total
𝛼/𝛽 counter. The analytical results are presented.

2. HTR-10 and Irradiated Graphite Element

The 10MW high temperature gas-cooled test reactor (HTR-
10) was constructed in the late 1990s and realized the
first criticality in December 2000. In 2003, HTR-10 firstly
succeeded in connecting to the grid with full design capacity.
Since then, a number of experiments have been done based
on the reactor. Being exposed to the radiation resulted from
the above operations, the graphite materials in the core of
HTR-10 have been good test subjects for the source term
analysis.

The core of HTR-10 is designed to hold large amount of
spherical fuel elements, which are 60mm in diameter and
contain about 12000 of TRISO-coated fuel particles homoge-
neously distributed in graphite matrix. Before the fueling of
the spherical fuel elements, the core was piled with graphite
spheres of the same size. During the first starting period,
graphite spheres were replaced by spherical fuel elements
to reach criticality. When the reactor is in a steady state
operation, a fuel handling system makes provision for online
refueling by allowing fuel sphere circulation. Considering
the behaviors of the graphite sphere, we regard them as the
most ideal ones for source term analysis due to the following
reasons. (1) Graphite spheres were exposed to the genuine
radiation of HTR-10, with almost the same neutron flux
and energy spectrum. (2) Materials and manufacturer of
the graphite spheres are the same as fuel elements, making
them good alternatives to study the properties of graphite
matrix in irradiated fuel elements without high radiation
from fuel particles. (3) Due to the probabilistic release, it is
possible to have a series of graphite spheres with different
exposure in the core. Some of them might be staying even
longer than fuel elements. (4) Controlled by the fuel handling
system, graphite spheres can be discharged from the core or
reloaded to the core for higher exposure. All operations can
be handled very easily without any negative impact on safe
operation of the reactor. But, on the other hand, it should
be noted that the probability distribution of staying time in
the core makes it difficult to know the exposure history of
a specific graphite sphere. In this paper, a postirradiation
graphite sphere was collected from the storage tank. We do
not know how long it stayed in the core and total exposure it
received.

3. Experimental Works

Figure 2 shows the experimental program.Thewhole analysis
procedure consists of six major steps. After a prompt mea-
surement on mass, the surface dose rate, and 𝛾multichannel
spectrum (Step 1), the selected graphite sphere was fixed
in a drilling machine. A hollow drilling tool with 9mm
inner diameter was used to drill a penetrating hole through
the center of the sphere. A cylindrical graphite sample was
prepared in Step 2 (see Figures 3 and 4). To learn the source
term of samples in different radius location, the cylindrical
graphite was then fixed in a grinder machine. A series of
graphite powder samples were prepared in Step 3. Each
powder sample which represents the component of graphite
in a specific radius was spread on a stainless steel disk to form
a flat circular sample with 40mm diameter. The flat circular
sample was then analyzed with multichannel 𝛾 detector and
total 𝛼/𝛽 analyzer (Step 4). The graphite sample on the
stainless steel disk was then put into a combustion vessel full
with oxygen. The gas (CO

2
and water vapour) was adsorbed

with NaOH solution.The purpose of Step 5 is to convert C-14
andH-3 in the solid graphite into a solution for consequential
analysis. In Step 6, the above aqueous sample was analyzed
with titration to measure the total carbon in solution and
liquid scintillation counter (LSC) to measure the activity of
C-14 and H-3.
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Figure 2: The experimental program on source term analysis of an
irradiated graphite sphere.

Figure 3: The graphite sphere with a penetrating hole after drilling.

4. Results and Discussions

4.1. The Measurement of the Irradiated Graphite Sphere.
The selected postirradiation graphite sphere was weighed
as 208.82 g. The dose rate at the very surface of the sphere
was about 25.2 ± 0.5 𝜇Sv/h. The multichannel 𝛾 spectrum
is shown in Figure 5, which exhibits the most distinct four
nuclides: Co-60, Eu-152, Eu-154, and Cs-137. Although, due
to the special shape of the graphite sphere, it is difficult to
calibrate the detective efficiency of each peak of spectrum, the
results are very useful to evaluate the external exposure of the
irradiated graphite materials.

4.2. Combustion of Graphite Powders. In order tomeasure the
C-14 and H-3 with LSC, a combustion process was developed

Table 1: Distribution ratios of nuclide after graphite combustion.

Nuclides
Distribution ratio (%)

In residue In NaOH aqueous
solution In off-gas

H-3 <1% ∼95% ∼5%
C-12 <1% >99% <1%
C-14 <1% >99% <1%
Co-60 ∼100% BKG BKG
Cs-137 ∼100% BKG BKG
Eu-152 ∼100% BKG BKG
Eu-154 ∼100% BKG BKG
BKG: background.

Figure 4: The cylindrical graphite sample prepared after drilling.

to convert the graphite powder into the aqueous solution.The
powder sample was firstly weighed and put into the crucible
of an Oxygen Combustion Apparatus [15] (see Figure 6).
After the oxygen inflation and ignition,most graphite powder
was burned except for a very small amount of residues left on
the crucible bottom.The gasified substance may be absorbed
by NaOH solution in the beaker or exist in the gas. When
the vent valve was released slowly and carefully, the off-gas
in the vessel can pass through a series of adsorber bottles
to trap all concerned components for analysis. As a result,
all radionuclides originally in the graphite powder will be
transferred to three possible destinations as solid residue,
NaOH solution, and the off-gas adsorption solution.

4.2.1. Combustion Conditions. Nodoubt, the final destination
of each nuclide relies on the combustion conditions to
some extent. A stable and quantitative distribution among
the flows is desirable for our task. Through a series of
systematic experiments and optimization, the combustion
conditions were finally chosen as follows: (1) 0.1 to 0.2 gram
of graphite powders in the crucible; (2) 10mL of NaOH with
the concentration of 3 to 4mol/L; (3) >20 atm of oxygen in
the vessel; (4) >20min of ageing after combustion with some
gentle shaking.

4.2.2. Behaviors of the Certain Nuclides in Combustion. The
stable carbon and C-14 were measured by titration and LSC,
respectively. The H-3 was also measured by LSC, while 𝛾
emitting nuclides were detected by multichannel 𝛾 detector.
The distribution ratios of the above nuclides are shown in
Table 1.
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Figure 5: The multichannel 𝛾 spectrum of the irradiated graphite sphere.

Igniting fuse

Vent valve

Beaker with NaOH 
solution for adsorption

Pressure-bearing
steel vessel

Electrodes
for ignition

Crucible to hold 
graphite powder

Figure 6: The oxygen combustion apparatus and structure schematic.

Because all 𝛾 emitting nuclides in graphite belong to
metal elements, they will remain in the crucible after com-
bustion. As an evidence, Figure 7 shows the comparison of 𝛾
spectrums between NaOH aqueous solution and the residual
powder. Therefore, no disturbance from 𝛾 radionuclides
needs to be considered in the LSC analysis onNaOH solution
samples. Almost all carbon, both stable and radioactive, was
found to be adsorbed in NaOH solution. Because a small
portion of H-3 was lost in the off-gas, the analytical result of
H-3 in NaOH solution will be lower than the fact. However,
such kind of deviation is acceptable in the case of source term
analysis.

4.3. Distribution Profile of Radionuclides in
the Graphite Sphere

4.3.1. The Distribution of 𝛾 Emitting Nuclides. Figures 8 and
9 show the distribution profiles of Co-60/Cs-137 and Eu-
152/Eu-154 in the graphite sphere, respectively.

Among all 𝛾 emitting nuclides, Co-60 has the highest
activity in the irradiated graphite sphere. The distribution of
Co-60 implies amuch higher activity on the spherical surface
than the interior. And the activities of Co-60 inside of the
sphere have no distinct dependence on the distance to the
center. According to the present study, the distributions of
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Figure 7: The comparison of 𝛾 spectrums between NaOH aqueous
solution and graphite residue (the green for the residual powder, the
yellow for the NaOH solution).
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Figure 8: Distribution profiles of Co-60 and Cs-137 activities at
different spherical radii in the selected graphite sphere.

Cs-137, Eu-152, and Eu-154 in the sphere showed weak or
no correlative effect on the radius. The different distribution
between Co-60 and fission products (Cs-137, Eu-152, and Eu-
154) may be explained by their generation mechanisms. The
Co-60 inside of the graphite sphere might come from the
neutron activation of the impurity (mainly Co-59), while
the surface might be contaminated by the dusts in the
primary coolant circuit. For Cs-137, Eu-152, and Eu-154,
the mechanism is supposed to be neutron activation of the
impurity (trace of uranium, possibly). Certainly, much more
work has to be done to investigate the generationmechanisms
of the above nuclides.

4.3.2. TheDistribution of𝛽EmittingNuclides. Figure 10 shows
the total 𝛽 count per gram of graphite at different radial
locations. Figure 11 shows the dependence of H-3 and C-14
specific activity on the distance to the spherical center. Both
figures indicate that 𝛽 emitting nuclides, H-3 and C-14, are
uniformly distributed in the graphite sphere.
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Figure 9: Distribution profiles of Eu-152 and Eu-154 activities at
different spherical radii in the selected graphite sphere.
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Figure 10: Total 𝛽 count per gram of graphite at different spherical
radii.

5. Conclusion and Remarks

Based on operation of HTR-10, an investigation on the source
term of irradiated graphite was conducted. Some initial work
has been completed to establish an experimental analysis pro-
cedure tomeasure the radionuclides in the irradiated graphite
sphere. In this paper, the procedure was used successfully
to analyze one randomly selected irradiated graphite sphere
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Figure 11: Profile of H-3 and C-14 specific activity at different
spherical radii.

discharged from HTR-10. The results show that Co-60, Cs-
137, Eu-152, and Eu-154 are major contributors of 𝛾 radiation.
H-3 and C-14 are the most important 𝛽 emitting nuclides
in graphite. Except for Co-60, which indicated a sharp rise
on the surface, the distributions of other radionuclides were
almost uniform from the outer surface to the spherical center.

It shall be noted that this paper is focusing on the ana-
lytical procedure rather than obtaining a result or predicting
the mechanism of radionuclides generation or immigration.
Due to the uncertainty of graphite sphere sampling, any one
of them is incapable of representing all graphite spheres in
the core. To understand the source term, analysis of a large
number of irradiated spheres seems essential.
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